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TIME TEMPERATURE INTEGRATORS 
FIELD OF THE INVEHTIOINr 

NcmaOays, an imporidnt part of our food supply consists of fooci$ prefieived ttircuisiti a thermal 
ireatmem such as blandilng, pasteurisation, sterilisation, etc... In this context R been and is 
still Important for indust^als. to measure the Impact of theimal pnoodsses in term of safely ^nd 
quality In the context of process design, opt&nfzBtfon. evaluatton and control. The tn-situ method 
and the physical-mathematical approach are the two commonly used evaluation techniques: In 
the in-^itu method the level of a qualTtyysafety attribute {l,e. thiamine content) is mea^red in the 
food itself before and ^fter heat treatinent while the physica^mathematical method is based on 
the knowledge of the fime-temperature history of the produiA, oomfalned with the knowledge of 
heat resistance parameters of the food qualify attribute understudy. 

Increasing safi^y and quali^ pequirBmenis, enei^y saving poUcies and consumers aspects, have 
resulted in the opihrnzafion of classical themial technologies and the deveiopmenl and application 
of new ^hennal as well as non thennal) techrrologles such as continuous processing In rotary 
retorts, volumetric healing before aseptic processing, use of high ele<:trfc field pulses . high 
pressure processing. Jn<ifa-Red technology etc... Confronted with these new tedTmologies, the in- 
sjiu and physical-mathematical methods ehow serious HmHatiqns, This Is why considerable efforts 
have been and will continue io be put into the development produot hi^Oty integnatons sutAi as 
Time Tempefature Integnatons (TTIs) tbr thermal prooesan^. TTIs allow io detemrtfne post factum . 
fiasi, easily and actairateiy the impact of a themml treatment on a product attritnite without 
knowledge of the time-temperature history ofihe product 

The pnasent paper focuses on the development of THs te monitor tiiermal piocesses from a . 

safe^ point of view, Untn now, mainly mlcrobioioi3ic^ TTIs are used for this purpose. Howev^. 
the Inherent disadvantages asaooiated with microblologteal detection meltiods h^ve encouraged 
the invKttgation of altemath/es. The study of the advant^es and drawbacks of several kinds of 

TTIs (HendrickK ef ol,. 1993. 1895» Van Loey e#a/„ I^SQi encouraged these authors to focus m 

the study of TTIs t»ased on thermostable en^mes. 

Several en^ymio systems have teen developed to evaluate the impact of pasteuriz^atfon 
processes (Van Loey et a/.» 1995a-b, 1996, De Cordt« 1992) and sterilbidUon processes (S/an 
Loey ef a/, 1997a-b, l^aenQer^ et ai. 1998) on» among o^ers, mterobiologtoal target attributes 
such as Cto^riiSam btOuSntm spores. Atthough these o-amyiase based TTi systems dre 
valuable rssearoh fools, the need of an enzymic system that acounede. inexpensive and 
convenient to use for the monitorfng of industrial sterilization piocesses is still existing si this 
moment* 
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The present paper, after a detailed Introduction on qHantttaflve evaluation of themtal process 
brtpaistand on tne rn concept, presents an original standawiized preparation ppocedune, \n terms 
of materials, methods and resulte, allowirtfl to prepare enzymic TTlB for the mortao(inQ of Uiermal 
process impacts from a saf^ point of view. 
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1,CONCEt»T AND METHODS FOR QUANtfTATIVE EVALUATION OF THERMAL 
PROCESSES 



1.f Introduction 

The aim of thermal processing Is to prasersre food against spoilaoe which could rentier the food 
unfit for consurtipiion, by inacUvatlon of palhogente and/or spoHase mJcrootflanisms ami of 
enzymes with deterioraUve action. UnfQrtunately» along with thftse desired effects, thermal 
processing also atfeote both the nutrtUonal and senwf^l QuaDly of the producl. It Is the dwllenge 
of the food technologic to optimize the processes, naim^ to minimted qualify losses and bX the 
same time p^ovfdii^ an ^lequate process to achieve the desired degree of lethality. This 
optimization Is possible because of the more pronounced tempar^ure dependence of mtaroKal 
(spores) inactivaUon as compared to the rate of quality destmciion, sensorial as weO as nutritional 
(Lund» 1977). 

Hence, relevant knowtedge of the Idnetio data for heat induced inadivation of nficroorganisms 
and qual'i^/ evolution Is essential to optimize th^al pfOoe$ses (Van Loey ef al., 1994 a-c^. 
In addition, for (H^servaflon iHuposes, the quantitative measurement of the Imiract of a themial 
process In terms of safety and quality is important for process design, evtf uation and optimization 
to Qtitain a safe food praducd with maximal quality retention. In the present section, the concept 
and methods coiYtmoniy used to quantifjf the impact of a thennal process are presented. 

1.2 Quantification of the meimai vmwt on a product aspect 

The impact of a heat treatment on a produotsafety or quality attribute depertds on the rates of 
heat-induced leacb'ons that aflted this altr^e. and on the Am© inteival during Which these 
reactions occur. 

The 'status* of a food, expressed in temis of its safety or quality. Is determined by the effect of all 
reactions occurring in the produci, integrated over the full history of the product until the moment 
of consumption. Figure 1 •I shows the idea of the « pfeseivaUon reactor » (Van Loey Gt a/., 1996), 
This concept can b& applied *ar an entire pnaductlDrt chain : preparation and pacicaging, 
processing, distriixition and storage or it Is applicable to a single unit opensilon. The rates at 
which desired and undesired reactions (related to food safe^ artd quaify) take place are function 
of both Imrti^c (Le. food speclflc) properties and extrinsic (i.e. process spedHc) factors 
(Maesmans ef a/.. 1990. Loey et af-, 19W). In general, an n** order reaction rata equation 
can be written as equation 1 ,1 . 



3 
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(1.1) 



wvheie X the responds value at lime 1 (6.g. mlcrobiat courtl. nutalent concentration), k the 
reaction late constant and n the order of the reacSon. 

Because In theimal processing of foods, temperEfture Is the main e^Ktrirtsic f ^dor for guaranteeing 
safety and quality during the production and storage of food products, the following discussion Is 
timited to systems for wtiicti temperature Is the only rate datennlnlng extrinsic factor. 

iJZA KiMiic modele to deecr9ie ihe inHuence of terfi4k&rature on the reaction sate 
constant 

Two terminologies are commonly used to quantify the Influence of temperature on the inacUvation 
rate of safety ad well as of quaffly aspects: the Anrhenlus modei (1S89> conunonly used in the 
field of chemicaJ reaction kinetics and the Thermal Death Time model (TUTi (Bigelow, 1921). 
espectaiiy to describe first order Wnettos {n=1 in equation (1.1)) and commonly used in 
thentKAactenoiogy and In the field of themrial prooeselng. These two models ana described In box 
1. The best known dnd used theory In the area of biologteal engineering and chemical reaction 
kinetics is that proposed by Arriienhis which is appHcabte to reactions in solutions and 

hetenageneous processes. AcconJIng io Arrheniue, the lemparaturB dependence of the rate 
constant k can be e}q>ressed as equation (1 .2) 



where 6^ is ihe activation energy, k^^ is the rale constant at reference temperature CTred and Is 
the universal gas constant 

In thenmobacteriology, however, the TDT concept of Sgelow (1021) Is commonly used to 
desorfise heat Inactlvatlofi kinetics of Q.rst oniier reactions. The decimal reduction flrne, E>-value 
(nrdn), Is defined the time required, at a constant temperature, to reduce ihe Inrtial response 
value (XO) Ijy 90% or In other words, the time at a constant tempeinture to traverse one log cyde. 
Hence, forfirst order reactions the relation between the decimal reduction time D and the reaction 
rate constant k is given tor equation (1.3) 




(1^ 
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n Into (1.^ 
k 

Bigeuw (1S21) repotted that if fha logaiittims of Urn deslmcfion thnes (D-vahies) are pioBed 
veiBus teAiperabire M a logaiiuirnte scale, the r^lt over the usual range cf temperatures of 
interest can be represented by a straigtit nne. Hence, ttie twnperatufB dependence of the D-vaiue 
is given by the z-value whfch is the temperature bicrease rwiuired to ofaialn a tetifak} decrease of 
the D-value (equation 1.4$ 



where Drap is the decimal reduction time at a reference temperature Tt^ T the actual temperature 
and z the :$-v^ue of the system. 



1 .2JL Concept ta express the integrated iime4ennpeiatur& impact 

.i 

: IT^ number of decimal reductions Miidted^ on the target attribute(s> under study defines the 
irnpoA ofthe thermal process. 

The impact of a themial treatment on a food attribute is irtdeed usually quantified using tfie 

conoepd of an « equivalent time at a reference temperature referred to as the processing value 
F (usually expressed in minutes). This concept translates tti^ tima-tempemture variable profile 
Into an equh^alenl time chosen at a Gonstdrtt feferenoe temperature that will affect ttia quality 
attribuia in the same way as the variable profile, trt other wotds. F represents the equivatent ilme 
at a chosen constant i^ferartca tettiperatura Tnf that would result In exadly the satrve impact on 

the specific qu^y attribute as the actual tlm^temperatUirB variable profile to whioh the food <i.e. 

the attribute ofinterest) was subjected (Van Loey. 199S). 

MathemaUcafly, the processing value can be written in teims of the temperature history of the 
product or aftemalively in terms of a response status before and after pracesslng. The Impact of a 
heat treatment on a product safety or qualSy attribuLs depends on the tales of the heat-Induced 
reactions affecting this attribute and on the reaction time intenral during which these reacOons 
rates occur. 

In practice, tsothemial heating profiles almost never occur beoau^^ heating equipments require 
time to reach the process holding temperature (CUT: Come Up Time) and require time for cooling 

5 
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{CDT: Come Down Time) and because of the he* transfer inside tha product. Hence, reaction 
rates are vdryin© as a function of process time, the process-v^lue is doftned as the integral over 
time of the rate at each Encountered temperature relative to the rate at the chosen reference 
temperature T^r denoted as sutKSCript (eq,1.5). 



E-FT^ =J-^-Ctt (1.5) 

vMiera F is the process value, k the rate cof^ant al T and tkes the mte constant at refarence 
temperature Tier- 

An an^fogue escpresslon for the process ralue as in equation (1.6) can be otytalned by 
connbination of equation (1.3) with equation (I.S): 



(1.6) 



v\/here F Is the praosss-value, D the decimal reduction time at T and 0,^ the dedmat reduction 
time at n&ference temperature T^s- 

Combination of equation (1.2) and (1.5) -in case of the Arrhenius lerniinoioOy oivee a first set of 
exprefisiorts (eq. 1 .4 and 1.6) to d^ennine the impact of a thermal process on a specific product 
aspect, (^racterized by Re acfivaSon enenay C&valua), denoted as superscn'pt. 



(1.7) 



Hence, based on the tampacatum hisioiy of the product aspect, dther taoonled or skrudated. 
Qombmed wHh knowledge on Ihe kinetics of the monitored aspect the ih«inal process impact on 
that ^t}Ute can bo oalctd£ited as mentioned above, tMs anproach is commonijr referred to as the 
physnal mathairt^cal method (see (1 .SO). 
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The general expression of a first ordBr dec^ can be rewrittBn as ec^on (I.S) and of an nth 
oitler reaction {tt^y as equation (1 .10): 



-fkdt 

i (1,10) 



Hence, me impact of a thermal process on a specific param^ can also be determined relying 
soiaty on the Initial and final status of the. pafameter of Interest and on its kinetics. These 
expressiiirts are Obtained by combination of equation (1 .6) with equaUon (1.9) and of equaUon 
(1 .5) with equation (1.10) and are given below for a patameterlhat obeys a first onler decay (eq. 
1.11)) or a nth onler (n?£l) decay (eq. 1.1^. 




eased on the response status of an attribute before and after OQ thermal treatment, 
combined with its kjneiics, the piwjess impact can be calculated us^ equaUon (1.11) or (1.12) 
depending on the order of the heat induced reaction occurrtoig to this attribute. In the level of 
the actual quality attribute of inieiBst Is measured before and after prooesstos. this approach is 
f^ned to as the In^ltu ntattiod (see (1 .3)). 



1.3 RAettmds few process aissessment: the need for TTIs. 

As briefly mentioned above, two weH-documented and well-elaboraled techniques, which are 
most oommonly used to evaluate fhemnal processes, are the hr-sHu apfHoach and the pby^cal- 
malhematioal m^hod. 

in the In situ method, chartfles in the aotwri quality orsaftety attribute under study are monitored 
befbre and after processing to trovWe direct and aoourata infCrmation on the status of the 

7 
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attribute of interest Tlie proc^^ng value can be oatoulated using equation (1.11) or (1.12) 
depending on the order of the heaWnduced reaction occumng to the target attribute. The m^in 
advantage of the in-situ method is that the impact of the prpcess on the p£Lram^er of interest is 
directly and accurately known , However, in practice, the analysis of the parameter undar 
investis^aliton (f.e. measurement of miooblal counts, texturst vitannn content, etc.), can be 
laborious, time-consumine and/or eaqoensive, and In aome cases even impos^ble because of the 
detection Ifmif of ilie analytical teclinh)ues at handfor sampling requbemente (e-d. for the safety of 
sleritlzed low-acid carmed foods, public health polities impose that the « probability of a non 
^eriie unit (PNSU) » stiould not exiceed 10^ (Plug, 1d&7a-c}, which can not be nrtonitored. New 
trends with regard to the.irt-situ approach to evaluate ifiemnal processes involve the development 
of more sensitive and rapid analytical methods^ 

In the [Aysical-mathematfcal (eq.1.7 or 1 .6) method* the c«loutetion of the pnooess value imposed 
on the food either requires the use of temperature sensors to record the timMemperature hisloiy 
A the critical point of the product or requires the use of theoretlcg^l soluh'ons of heat transfer 
models or of (semi-) ampirlcal methods (e.g. Batl arid Olsorn, 1957; Hayakawa, 1970) that use the 
knowledge of process parameters and heat penetration param^^r:^ of the flood product itself 
combined with Icnowledge on the Idnetics of the safety/quality attdbute under study. A critical 
analysis of the diffeient mathematical procedures for evaluation and design of In-oontiandr 
ihennnsd processes for foocte is avaHable (Stofbros. &t a/, 1997), Further faifomnatlon can also be 
found In a criScal review at»iit the evaluation of the Integrated time-temperature effect bt thermal 
processing of foods (Herdrfcftx of af.. 1 99^. 

A major advantage of empirical or theoretical formula methods is their predictive power for 
processing conditions diiferent liom those under which expenmoms were run. For Instance, the 
semi-anafylical method of Ball and Olson ailowe, once the heat penetration paraimeieis of a 
product sue known (fr, and j) for a giverk produtA-^paGkaging combination, to estimate the process 
value achieved with a different packaging of the same produd exposed to ^mliar process 
conditions (Come Up 11me« inWal temperature at ttie critical point of the product, holding 
temperature). lUioreover, this method allows to calculate the required holding tfme at a given 
holding temperature to read) a given target process value. 

With regard to the seml-analytical method of Bali and Olson, which is the most commonly used in 
industry, m& knowledge of fti and j can be achieved In two different ways: ex|>ei1m6ntal 
delerminafion (CUT Ideally dose to 0) or extrapolatiofi calculation between fh and J for a given 
product packaging and the same product in ai) other packaging (diRerent volume, shape, amount 
of r>rodud:}. In both cases, however, the fn and j determinratlon requires at least one heat 
penetration experiment. SevemI problems can then arise: 1- direct registration of the time- 
temperature profiia of the product is not possible under some processing condidons: 

S 
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cable thermal probes can not ba used in continuous thamnal processing and wlr^ldss thermal 
sdnsors disturb too mwh the heat transfer in tha product (rniniatuilzed wireless fennperalurd 
recxirdef^ gthhough being an iat^restUig Idea, would pmbabiy always suffer irom their lack of 
fl«2dbirits^ in the a(f|ustment cf their shape, density and themiai conductivity}, 2-The (sfiScA\ point of 
a pnxluct, &x:cefA fbr reai conductive produ<A«t. is almost always moving during tha hasting 
process (Whether they are discontinuous or oonfinuous, a number of hest trdatmants sul^it 
produ(?t$ to a^qal or end over and rotation in order to take advs^ntage of their convactlve 
characteristics to inorease the heating rate). 

Moreover, with tfie Ball and Olson method, the thermal impact of CUT and overshoot (this is the 
still inoraasins temperature In the product after the t»eg]nnlng of th^ cooling step) i$ nottaten Into 
account leading) to underesdmatton cf the real proce^ vabjes. No process optimlzaSon is 
achieved in this case Knit rather process safety ran be evaluatet;!. in order to lalce into account the 
themial Intpact duitno overshoot and CUT, al9orfthms hayB been developed to calculaO, aO along 
the heatt treatment, the acquired process value and ahtfdpate Ihe temperature history during 
heating and cooHns while integrating the time teinperatuFe profile to olriain the resulting process 
value {e.^. OPTIB/M^ soffrwara developed by CTCPA, ENSIA and COMEUREG. France; TPFK) 
software devaiopad by Dr. J. Nort>aci^ Univei^ty of Wisconsin). H^nce, it becomes possible to 
anficipeie, in only one run, the cooUng start 6me in orderto reach the target piOce$$ vi^ue witti an 
; accuracy of 5-10%. I^owewthe use of this. Interesting; and currently used opfimizatlon tool Is 
' limited to disoontinudus tbafflnai processei^ and can show limitatians:tbr convedive or paitiouiaita 
food products submitted to rotary processes t?ecau$e of ilie permanent moving of the critical point 
and perturt^tfons of convection heating induced by the probes. Beside expensive materiat 
requirements, in this last case, food containers must tie strongly fixed in the retort in order to 
avoid damaging of thennal catsle probes duririg rotation and severat assays must be peifomied to 
choose the most unfavorable opBon ^e; longest exposure time otisen/ed at the holding 
temperature) leading to the desired process value. In conclusion tills optlmkalion method, which 
does nol requite the previous imowiedge of fh and J heat penetration parameters (because direct 
temperature measurement Is perfoimed) is not adapted to ail dtfiiereiit kinds of thennai processes 
and food products. 

1.4 Condusiofi 

The physical-malhem^cai method (u^ng direct temperature reglstiaQon of semi empirical heat 
transfer mod^) shows limitations In the design and evaluation of more recently introduced 
ihennaf preservation processes. The possible advantage of new heating techniques such as 
volumic heating followed by aseptic padcaging (e.g. ohmic heating follQwed by a t>ag in box 
aseptic packaging system) or micmwave heating, could t>e seriously alfected without 
establishment of adapted thermal Impact evaluation techniques. In this context^ deveir>pment of 
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lime iemperalure integrators (TTIs) that allow fast, easy and ooirec^ detemiinalion of Uie thermal 
impact on a prodHC* attrfbute, vriihout arty nacassity to Ismw the iims temperature iiisloitv of the 
cntlcai point of the pnxluol, C3un«miy recetves great interests 
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BACKGROUm OF THE INVENTION 
1 brtreMluctioR 

As Introduced in the previous chapter, Tmie Temperature Integrators are considered as a 
iMssible way to oveit»ma the inherent disadvantages of the In-sJtM «r«l the phyScal 
matliematicai mathod for theimai process evduadon. In tMs oiiap^ter. some genemi ^pecte of 
TTIs 9S. modem thennai process evaluelkHi toote and a owmnt state of th« art regaiding TTI 
development ar* presented. This part focuses on pasteurization and gterSBzaBon prooesses. TTIs 
to monitor qtiaHly iosses during low temperaime (reftioerBMon/fteezing) storage and dIstiibuBon 
are not discussed here. 



2 Definition of a time temperature Integrator 

A TTI can be defined as « a sm^ n^surino device that shows a teme-tempewtufe dependent, 
easily. aocUrattfy aid precisely measuFabie ineverelNe change that rrrimics the change cf a 
tatoet attrilHile undeigping the same varfaWe temperature exposure » (Taoukis and Labuza, 
19e9a-b: Weng et al, 199ia-b). TTIs are wireless systems, their msiin advarrt^e is the ablHty to 
quantify the integrated time-temperature impact on a target attribute without the need for 
inTonnalion on the actual temperature history of the producL In a weiy. TT*a sHwt simll^ wRii 
the in-situ method because R is also a «posMaclurh» method. TTte do pot provide any 
knowledge about time^emperature Irislory but only show oonsequerktes of this tSme-lemperalure 
hisbuy on a given target attrBiute. 

3 Criteria (h»r a time tempeirature integrator 

AoooKling ID the TTI d^^tlon ghren above, a Tn is a smaB measuring device that should meet 
the following ciAeda: 

1-For convenience, the TTI has to be ineacpenshro. quktk^ and easily prepared, easy to reoower 
and give an aocunate and user-friendly read-out 

2^The TTI should be incorporated in the food without distudring heat transfer within the fiood. The 
presence of the TTI must not change Ihe fime tonperature prolile of me food, and the TTI ^ould 
be exposed to the sametbne^^perature profile a& the target aAtribute under invesGgation. 
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3-The TTI shQuW tpjantify the Impact of the process on tSie tariget attribute under study. In other 
wonl9> a m has to meet Siome kinetic requirements. The tempep«Mre dependency of the rate 
constants of TTI and target atinbute should be described by the sanne law {e.g. Antienlu? mtxlel, 
TOT model). Moreover, ft tsan be easily shown from equation (1 ,7) and (1 .8) that the temperature 
sensftivity of the r^e constants (jE^value or z-value) of me TTI and erf the taiBot attribute should 
be equal to assui? the equadity in pnxiesd-velues (Maesmans ef aJL, 1d93, Heodricloe ^ aL 1985). 
As in pradloe tt can be difficuft to obtain exactly the same thenmal $en$ittvily of the rate constant 
(expfBSsed by the z value In *C> for the TTI and for the taraet attribute, several solutions have 
been sugeestsd, 1) Van Loey et aL (1 995a) studied in g theoretical way the allowed difference In 
z-value between a siTOle ccMmpDrtent tlme/teniperature in(tegrator and taiiaet attribute to measure 
the impact of a tttermal process with a given accuracy. In order to always evaluate the thenmal 
impact in a Mfe way (that is tiy undeiastimatiirts the real process fimpac^ she propose a method 
based on the use of a TFl with a z value smaller than thai of the target attirlbute. 2^ Pflug and 
Cfirfstensen proposed a m^od trased on the conveislon of a themiai im.p9ct with a ghren 
z value In another tbennal Impact detMYtined on the basis of an other z value Qn this case 
Infomiatlon on heating rate charactenstlcs are required). 3) Maesmans ef at (l&M) have studied 
theoretically the possibility to calculate a thennal Impact on a target attribute by using the defined 
theimal impacts on diiferenl TTI compounds with known z-values different, from the target 
attribute's one: this is the MuRicompanent TTI concept which has abo been stMcBed by Stoforos 
and Taoukis (1998). 4) IWaesmans et at (1QM) studied the posslbllfty to comUne the use of the 
equivalent point method (Swarbtel, 1086. Swaiuel etaf., 1991, Sadf ghi and dwartzel. 1990) and 
, a muBicompoReitt fime^empensiture integrator. 

In spite of the theoretical interest of multicqmponent tinfie-temperature Integratora, they show 
some potential limitations due to the necessity to measure the thermal Impact on at least two TTI 
components instead of one (with single component TT|). This Is not In line with the convenience 
mentioned in the above TTI defintUon. However, muitlcomponenl time temperatum Irteflpnatora, 
although requiring a consequent development woric. could remain an interesting tool to monitor 
process-values in case the measures of the ihemnal impact on the s^veml (at least two) 
componeote would be easy and fast to peifomi. According to Stoforos and Taoulds (1998), the 
best option, when develof^ng multi-component TTIs should tie to include components vOh 
values below and above the one of the target attribute under concern. In case this option can not 
be achieved they advise to use components showing z-values above rather than below the z- 
value of the ta^et attribute of interest 

As a Mnetic requnement it is also important tiiat the m poss^ an aooeptabt^ heat itkadivallon 
rate D (or 10 vrtue at the desired prooes$ingi^peiature. If the D-value is too low, the TTI can be 
(almost) totally Inactrvaled 9P that the TTI response may be below the delet^iort limit of the 
reading method, A too high Ovalue may lead to a too limited change in TTI r^onse (too low for 
accurate detection of changes). 
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4 Classificafioo of timd tempeFatw^ Integrators 



tris can be classiffed in terms of working j^ciple. type of response, origin, apf^Ication in the 
food unaiterial and locmion tn ths food as shown in figure 2.1 (riendrickx et a/.. 1993, 1995). 
Dependirtfl on tfte working pnndples. TTIs can be subdivided Wo biological (mtcrobioiOQlcal and 
enzymic), chemical and physical systems. Sln^ component TTIs ( with a z or E^value equal lo 
the taioet z or ^-value) are ea^er to use than muHioomponent TTIs and hence mudi more 
ddsiraUe. lUlutticoinponentTTIs could, however, be an «lt$m^ve If no suitable single component 
TTI te availatfe, Ccnceming the origin of TTIs. extrinsic and intrinsio TT(s can be distinguished. 
An extrtnsic TTI is Incorporated Into the food whereas intrinsic TTIs are pre^nt In the food and 
lepiBsent the behavior of another food aspect With regard to the apptio^on of the TTI in the 
food product ttiiBe approaches can be dlstingufshedV^cfisparsed, penneaUe or Isolated. In 
dteparsftd systems, the TTI (extrinsic or intrinsic) is homogeneously ^^^farfbuted throughout the 
fbod, aDowing evaluation cf the volunne-average irnpactof a prooess. Besides cBspersion of an 
ex|fin$ic TTI in the food, extrinsic TTIs may be permeable (penmitfing sonne dtlfuslon of food 
' components into the TTI) or isolated. All three approaches csao b& the basis for single point 
valuations on the process impact at a specific location within the food. 

In the case of dispersed and parmeabia TTIs, temp^ture i& no longer ttTfO only factor that c^n 
In^ance fha TTI response, intrinslo propeities of the food such as salinity. PH eta. .can also 
have an irifluenoe on the m kinetics. These intrfndc i^pariles shoukl be taken irdo account 

. when developing a dispersed or permeable TTI, Hence. remains possible to cajlculate a prooera 
value using equalloas (1.11) or (1.12) because the TTI/and the target attribute show the $ame 

: inacUvation kinetics under the same environmenta] conditions of the sterilization process. 
Encapsulated TTIs have been proposed to avoid the influence Of the ibod envlronnnent on the 
kinetic behavior of the tTL In this case, the TTI Is completeiy isolated from the food environment 
by embedding tt in an tonert carrier material such as glass, plastic or metal, thence, ten^s^ature 

becomes the only mfiuenoing factor, it is neo^sary to choose a TTi oanier with a themnal 
resistivity as small as possible in oider to asceitdin that the obsen^ TTI response is due fo the 
food product heating and not liniitBd by the heating of the canier material. For Enslanoe, use of 
small hermetically sealed or screwed highly conductive metal canier systems guarantees the 

elimination of any influence of the environment other than temperature and allows its 

incorporation into a real food product Some of the required properties that any TTI-carrier system 

shoukl meet have been discussed (Maesmms et a|., 1993): 



-thenmal difTuslvRy as dose as possible to the food's one. 



-In the case of partlculated foods heated in a rotary process (e,g. ertd over end rotation) or a 
continuous process (e.g. aseptic processing), the TTI carrier shouki possess (once filled with TTI) 
the same density and, if possible, shape as the critical particle in order to mimic as dose as 
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possible the movwnent of the partde during the process. It is ole^r that for each 
Hquid/partioulat^ food a previous study of thBimal conductlvityi shap^, densSly will have to be 
perf oiwed in older to ctetennine the cittical partlcte that wiH have to be "mimicked' by the canier. 

-The TTI cam'er should possess an acceptable mechantcal pesislance in order to keep Its shape 
when submWecl lo irmchanlcat stress (e^. particulated foods pumped during volum^ric heaBng 
piocesses or surface scraped heat e)CBhanger)r 

vThe carrier material should be adapted lo the applied heating process (e.g. avoid the use of 
metalilG earner with ohmic heating or with microwave heating)^ 

-Other carrier diaraclerisacs such as comrenienoe t&GOV&nng, chemical oompaUt^ilV with the 
pfooassed food, price, aie also important. 

Table 2.1 and 2.2 ^ve a state off ifte art of TTis. 

Microbial TTIs 

As it can be seen in tables 2,1 and BacBlLjs sp, are the most commonly used for development i. 
. of mlOTJbieil TTIs In the food and pharmaceutical Indiaslry. One qan disUnguish two kinds of 
; microbial TTIs: . 

^Count reduction systems which allow, according to equaSons (1.11) or (1,1^ to calouiate a 

process value, ^' 
^rvivorAQII systems that ortly aRow to idemKy if the themial process was sufBdert (no growth) 
or not (growth) to Mil all mloroorganlsms present in the food. 

The m^Of disadvantage of any microbial monitoring system is the time required to perfonm the 
assay. The long Incubation time (up to several days) and read-out of the system does not allow 
for rapid intervention upon any Wnd of (systematic) failure or process dentation, QMantitatlve 
microbiology has to be peribrmed byskilied manpower (i=>nug and Smith, 1977) and the anatyOcat 
precision of cun^nt^ available teohrtfques Is rather low (Jason, 1«83). Heat re^stanoe 
defarmlnation of spores requires thorough caabration^ This step to delennine the kJIKng power of 
a given heat treatment is diflRcult to achieve (Pflug artd Odiaug, 1986). The inherent limitations of 
microbiological detection methods in determining the efficacy of thennal processing, logether with 
the time and expense associated with these m^hods. have prompted the invest^aflon Of 
altsmatives (Wlulley et al., 1975b). 
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Pratelnrbased TTIs 

The potential of protein based sy^tenis, in particuter enzyme b^sed systems, is receiving 
considerable interest. The relative easiness of raa£H>ut and handling of enzymic systems olTers 
significant advantage over mlcroNal TTls. Moreover, the range of heat denatur^on fdmetlGe of 
profaatns includes the typical values for both s^ely and quality s^speOs. In general, enzyme 
Inacfivalion chamcderized by a z value in the range from B.S'^C to 5S*C« whereas the ?:-va}ue of 
Ibe theimal anacUvaHon of v^etatlve cens and spores is in the renge 4.5* to 12^*0 arid for quality 
aspects (e.g, color, twture, flavor, vitamins) In the range fifOTn 25>'0 to 45 (Lund, 1377). Tiiese 
characteristics are of interest with regand to saf^ considerations because, the design of 
sterilization pnscessdsfor tow iacid canned food (lACF) ere directed to the destruction of spores 
of proteolytio ^r«ns of CkfstkSiM batsOktufn with a z-value of For the evalualton of safisty 
of pasteurization processes several microorganisms with zyvalues rans^r^ firom 5'C to iyc have 
been advanced for use as reference organism because depending on the type of ftiocl. Intended 
shelf Ufa. dSfiBrant microorganisms might be^^ the main cause of poisoning. En enzyme based 
rfionftoifrtg systems, often the enzymfc activity rernaiinfng after the heat treatment is assayed to 
determine the thennal impact, afthough other properties, such as the heat of enzyme 
deterioration, can be delennined instead ^se of DiiferenQai Scanning Calorimetiy), TTI bi^d on 
themicislable eru^yit^s ^ow Interesting featiif^ "w 



-They can be small (smaller than 0,5 cm^^ 
-They are relatively low in price. 

-They are easlerto prepare than miorobiotogical Ttte. -k 
»Bnt;h residual aGijh% and iresidual enthalpy can be measured rapMiy and accurately and hence ,i 
be used as TTIs response reading methods. The ns^Ond^ is then ot)tatned in few minutes r 
Instead of several days with micfoblologlcal TJIs. 

-Their themwistabRHy allows them to be used in pasteMTization as well as tn steriilz^on 
processes. 

.Their heat Inactivation kinetics cam be manipylated in different ways in older to reach the desirsd 
themial sensitivHy Oigura 2.2}. 

As mentioned in tobies 2,1 and oramyteses from dHfeient Bathos species have been most 
firequenUy studied. The KULjeuven Laboratory of Food Technology focused during the last ten 
years Ort the sfajdy of a-amylases as potential enzymio TTls for pasteurization and sterilization 
i:Mt>casses, The feasibility of using Bacfllus ffGheriiPmnls oramylases covalently immobilized on 
glass beads or Bacaius amytoHque^dens a-amylases In the presence of polyols indudJng 
caifec^rates, as TTIs. has been evaluated (De Cordt ef ar., I992a-fa, 1d93, 19g4>. Potential 
TTls bssed on B^t&us &ib8ns or BadBus mK^oH(tu^(^s a-amylase to monitor safety of 
pasteurization and stertllzaSon processes have been developed (Van Loey 6t sA.1996,1997a-b) 



15 



26.Juni 2002 16:02 



+32 16 326515 



Nr. 2096 ■. P. 22/81 




on the basis of residiml anilialpy reading nnathods on raoistufs controlled enzymic systems or on 
enzyme/cartjoydrales mixtures in solution. Potential TTIs based on BacSlus emyfoikiue&aens at 
reduced moisture contents and tB&ausA activity or enthalpy readit^ have been desciUied Iqf 
Haentjens ef af. (1998) and Guiwaitfh et at <2002). ARhcmgh these orafnylase based TTt 
systems are valuable research toote. the need of an enzymic system accurate Inexpensive and 
convenient to use fixr Industrial appHcafion& is sdD a question at this moment . 

Chemical TTIs 

To weroome inhemnt disadvantages of microbiological TTIs, chemical systems based on a 
purely Chemical response towanJs time and temperatura hav© been i^oposed ^ble (2-1) and 
(2.^). The concept of a chemical TTI for evtf uaOon oT theraial process Impact lAtas advocated 
more than 25 years ^o (Mult^, 1975a*>. Because of their greiA fiodtiitity o* handflng and high 
analytical precision in the detection of cheirtcal reactions, ohemlcal TTIs are consideired as 
promising tools for the evaluation of a iharmal process (Danislson, 1382). The crudal deficiency 
of chemical TTIs, however, is that no reaiSion has been identified lr» ihe open literature on heat 
treatment of1tood$ that feahjre the activation enetgy (or z-value) required for monitortng food 
safety, and only fev* are available that can be used to follow the deterioration Of other quality 
atbibutes. 

Physical TTte 

WOonsky (197?) and Swartzel etai (1991) studied TTIs based on a physical i^orWng prindpla 



5 Wliat is ciMirimeMially avaltaMe? 

An overview of commen^liy availaWe Indioalore for themnal process vaUdatlon is given by 
Selman (1995). Different socieUes sudi as 3M industrial tapes and adheslves, Manchester, UK; 
color Therm., suney, UK: Spiling Earnest. Gemiany: Albert Browne Ud. Leicester, Ul^ PyMaH 
corp., f=temington. NJ. USA. martet dtlferent Wnds of hidloators. For instance, m dewaioped the 
sMOititor Made (TM) High Tempeiature Tlireshold Indicators, which todksates visueOy the 
cumulaiiwe escpcsure fime above a predetemiined tenqperEfture h ah^ng (av^able in button, 
label and tag fbrnists). However, none of these indicators can provide relevartt Infoiniation on the 
in-pack fhenval effldenty of a process. Therefore, th^ are not really appropriate to mwiitor 
themial processes In the food ifxiu^. Three oateflories can be distinguished: 



•^The fiisi cattery indicates only whether a pre-^et temperatuie hftSi bean reat^ed and/or 
exceeded. 
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-The second category reads after exposure for a fbced pedod aft a oonslanl t^perature. 

-The Ihiid category irtt^rates the fuR temperalure hl^O!y but can only be placed on the outside of 
containers. 

These [ndicators are often based on the color change of a theimo sensitive ink. Tftey are 
extensvefy used in the dmg indu^ (e,g. sterflizatfon of medical tools). Although the (xresent 
woiK f6Gueds on heat treatment, it should be indicated that many soci^ies are involved in the 
ddvalopmenl of Incficators for shelf life detennination and storage management (Cold chain 
monitOnrtQ) (e.fl- Cox tecAinotogies. Belmont, USA: 3M Industrial tapes and adhesive®. 
Manchester, UH^, which are useful for food products. However, for heaiinfl processes, there Is ai 
pressing need for new sy^ms that allow quick, correct and easy quantification of the thomaal 
process nnpad, especially in tenns. of food jSpSfety. 

6 Conclusion 

AccordirtQ to the atiove mentioned need and taking int? account the merits and limitations of 
different Kinds of TTIs. the KULeuven Laboratory of Food Technology dedded to give the piiarfty 
to ttie foHouring research approach: 

a Development of SINGLE or MULTI component(s), ISOLATED^ EXTRINSIC, ENZYMIC TTIs * 
for safety evaluaQoR of sterilization processedr 

As mentioned in 2.4, such potentially Interesting enzymic systems for the evaluation of in pack 
thermal emcleni^ of pasteurization processes and sterillzaOon processes have been developed. 
Although these a~amylase based TTI systems are valuable reseapoh tools, the need of an 
enzymic system that Is accurate, inexpenshre and coiivenienE to use for the monitoring vf 
indusbi^ sterilization processes Is slifl existing at tliis moment, indeed the most interesting 
enzymic m available (at the laboratory scale) up to now Was a TTi based on BactUus stMOiSs <xr 
amylase equilibrated at a 76% equilibrium relative humklily (Van Loey ef af, IMS, 1©97). But this 
system shows the follGwing iimitaUons: 

4he range oT process values that can be Investigated i$too low (max up to 14 min) wffli regard to 
lacge process values observed In the industry (up to more than 60 mfn). 

-These TTIs are difiicutt and time consuming to prepare (3 weelcs). 

-They inquire a larger amount of pure detiydrated wzyme (appnsc 10 mg per TTI). 
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-Residual enthalpy of denaturaMon, requiring expensiva Dffiferential Scanning Calonmairy 
equtpment, is used as a response property, Raskiual activity could also be used as a r^^onse 
propatfy but protein aggregation phenomena cause dffficulfles to soiubRize the anzyme befcr^ 
acttvity readlr^. 

'-They are not £Aable during storage between preparation and use. 
-They are not stable during storage between heating and reading. 

-D^nding on ftia conrunerdal batch of enzyme used, dtffefent heat denaturation IdneHc 
parameters (p-values and z-vaiue) may be otiserved* 

To overcome Ihe^ limitations, an efQdent and standardized enzymic TTI pr&paiaOon procedure 
was developed, which allows to use en^mes as accurate, Ene?4^n$>va and convenl^ time- 
tempeFsAupe integnainrs, when showing firsts oider inacUvaifon. for the monRor^r^ of themial 
(sterffizalion) process tmpacte. This procedure was ^lled for the first Hme to Backus 
£tetert£ft»nttf« and BacSus wb(m oeramylases. 

The original idea of thte procedure was to use an Inert filler made of glass beads to avoid the 
aggregations phenomena menfioned above. Several advantages follow from this idea^ The main 
advantage Is that enzymes are effidentiy spread all over the surfaces of the treads to avoid 
aggregation phenomena during heating that leads, after Tieafing, to a pr^n network impo8sit>te 
to sohibiiize for subsequent acUvily measureitient Hence the Otass beads are not only used as a 
simple adsorption surface allowing to fix the ensiiyme. they aie also used as an inert filler 
sepaiaflng the ens^e molecules fmn ea(A other. 

An important consequence of tfiis ihat a very ^inall amourvt of enzyme can be used to prepare 
the TTI and th^ this small amourrt can easily be solubitized for residual activi^ detemnination. 
In the fallowing part the original preparation procedure, when applied to a Badllus liGheniformis cz- 
amylase will be firstly desciitsed. The key steps of this procedure will tje exptainsd with help of 
few expedmentai results (see annexes). Also experiments related to necessaiy heat inactivalion 
kinetic aspects will be Intmduced. Rnaily. the results otalalned with an enzymic TT| based on 
Badltus Bch&ntam& a-amyiasa and to a less extent with an enzyRiio TTI prepared with BaaBi^ 
suims a-^myiase ^mth prepared foilovring ihe orfginal preparaSon procedure) will be prasented 
and claims relative to ihe orlglnanty of the* present invention and of Its exploitation will be 
introduced. 
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SUMMARY OF THE INVENTION 

Thft objective of the present patent Is to protect the Tt\ preparatiofi procedure (part 3.1) 
described above, wtiateverthe ©nzyme of concern in this pr^arafion procedure. 
This procedure seems ciuclal in ablaining acourata and reprodudW^ TTIs vrfth a z-value to the 
range 8-16 ''C McsmtiQ ihedelenfnInaBon of process values with an accepteWe accuraqr. 

The preparation procedure (part 3.1) allows to obtelnihelbtlowing original product 

-A mix = a 5l(t>ngly dehydrated enzyme adsorbed at the surface of non porous glass beads wfth 
siabilizina suhsrtanoes (sucrose arKi salts). This mix Is paok^d In a hermeHcally sealed container 
,e.g. small DSC capsules coated by a herm^icai saicane layer.** 

Tt^ fi^st key idea of the present TTI pn&paratlon procedure fs Ihe u^ of an In^t filler, in our case 
glass beads of approximately 0.250 mm diameter. The m^ ^vantage of this Inert fOIer Is to 
avrfd ^flresation phenomenon during healing that lead, after hea«ng, to a protein network 
impossible to solubilize for subsequent activity measurement. Hence the glass beads are not only 
used as a simple adsorption surface aHowing to stabili2ie the enzyme, they are also used as an 
inert ffil6r allowing a convenient read out of the system. 

. An impoifant.oQnsequenDe of this is that a very smaU amounl Of erKeyme can be tised to prepare 
the m and that this small amount can easily be solubilized for Ihe detenminalion of the residual 

actfvii^. 

The second key Idea of the piesent TTI preparation procedure is the «^ of an esdra-dehydration 
step, inside an oven at a temperature well above the wott) temper;^ure, of the mix contained 
inside the DSC pans followed by an imnwdlale sealing of the capsules and an entrapment Indde 
silrcone. From these thiBB steps (extra-dehydration, immediaie sealing, entrapment 'm silicone) 
follow several advantages: 

-AchlevemBnt of a good and smnflar control of the level of dehydration of the mix inside each 
capsule and subsequently achievement of a good level of accuratqr of the TTI re^onse CTTI 
show mprodudlbte and stable constant z-value). 

-Achievement of a high level of thewrtosiability allowing to determine themiai Impact at 
temperature higher than 1 0O'C. 

"Achievement of an interesting ablRly to store the TTI between its prepanatioti and Rs use and 
between its use and tts reading. 

Moreover, the packed mix is easy to remove rapidly from DSC capsules coated with silicone. 
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The enzyme of this packed mbt shows the Mlowing Interesting ftmoBonal characteristics: 

-Alter d^ermingHon of Its heat frtsicfivdUon parameters <p-value5 and z-value), it allows to monitor 
riHTQcess-values at high temperature exposure. 

For instance, when using BactBus rH^tmi^brmb G(-an]y(a$e, it is possible to monitor prwesfr- 
values up to around 70 mln In a temperature range 100-140''C. 

-It Is easy, by addition of 1 ml of water oit the mbL oontirined in one capeute aod iraifdd mbdng, to 
obtain rar^y its total desoiptlon f itim the surface of the beads. 

-^It shows a great ^ahiKty (several months) of its Devalues and ;t*value, when the capsules ooated 
with silicone are stored at amlWent temperature, 

-It shows an aceeplAble stahlBty (several days in the case of BLA) of its residual activtty after 
heating f reafmenl 

DETAILLED DESCRIPTION Ot= THE INVENTION 
f . MATERIALS AND METHOPS 

1.1 Detailed iMimiaiaitlon of the TTl 

1.1^1 Standardization of the enzynoea' i^nvironinent . 

The two foliovdrkg steps are required: 

-Standardization of the liquid em/ironment of the enzymes? and standardi?;ai|on of the 
concentrattons of these enzymes in the liqurd emrironment. The standanlized liquid envtronment 
has to contain sucrose and sodium chloride as stabiiizer?. 

-lUlbc of the standardised solution with a non-idorous inert fliier (e.g, glass beads) resulting In 
ad^Tpiion of the enzymes at the surface of the Inert filler, Irt oass glass beads are used as an 
inert f3ler« the reqinrdd volume of standardized solution is the exact votum^ naoessary to fill in the 
spacte b^wean the glass t)eads. 

An example Of ^andardization Is Introduced below when using a B^cait^ aGh&7ffiatmis oramyf ase 
and glass beads fbrthe preparation of an enzyme-based TTl; 

1- Taice a sample of Badffus itonenifbnm^ a-amyiase (Bi^) solution. 

2- Detemiihe the protein content (In mg per m^ of the sample usfno a ftdnchoninte Add Protein 
determination IQt BCA1 of a'gma. If unknown, deteimfne also the iso-eieado point QpO and the 
moteouiar weighs (fJMfi tiy using an isolbousing method and SDS-PAOE method respecfively. 
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3*Prepare a buffer conespondins to the pi of the enzyme. 

For Bq(SIus /M^fSmma a-amylase prepare 1000 ml of a O.OaSM i^Ws buffer, pl^8.9 as 
fWIow: 

-Dissofva 1 .046Q of bls-trts base <MW=209^ In aww. 900 ml of dlstined water at 25*o. 
^Add 2.58 g of dehydrated calcium chlodda (CaCi2. 2H20), 
•^Vdd 15^4 g of sodium chloride (NaCl). 
-add 20 g of suGn>se. 
-add 1^27 g erf pdlassium chloride ^C&. 
-TItratfi to pH 6.g with HCI 0.1N at 25*^0. 

-Mate up votume to 1000 ml with distHled water (Buffer will be at 25'*C}. 



4- Ort the basis of the proton content obtained In 2, dilute sample or the BLA solution with the 
buffer in order to rea<* a proton oanoentralfon of Img/lml- (pQ the «amo whatever the enzyme 
used), 

5- liltrafittfate d ml of the solution obtained in point 4 by using MIAQROSEP 3000. 100QO or 30000 
KOakona oenMfugai devices (Pall Ufe Sciences, USfi^ In case iAJt^&t enzymes with different 
Molecular Weiglvt than fiBcflft/s §cfwnifomw»,^rWi^SA are used, (t {S of course neoessary to 
adaiA the filter to the molecular weighQ. The centrihigatton ie perfoffned In 2 ^eps: 

-6000 rr;^, 120 mint at 4''C tor ultra-filtratton. 

-6000 tfm, 1 rain at 4''C1brthe recovery of the retentat. 

6- Complete the letentat with the bd^er prepfarsd In 3 in oitier to obtain 5 folds the volume of the 
BLA solution taken inifiaDy and contained in the 9 ml (Ara«1iftBrBd in point $. TWs fiiep is explained 
in Annw 0. 

7- FIII 1.5 ml eppendorf cups with 1.35g of glass beads of approx 0.25 mm diameter and add 
0.281 ml of th6 standardized enzyme solution obtained in point Q (thte volume allows to just fill In 
spaces between glass beads). On the basis of the example mentioned in the Annex I, It would be 
possible to fiB 1.385^^81*^4.62 eppendorf cups. 

&-Seai the tip of ^ gla^ caplDary with a flame and use this capillary, once coO»$d, to mbt oomecay 
the beads and the solu6an ottained In point 6 to achieve a dear bitiwa homogeneous color. 
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1.1 . 2 Dehydration of flie mix 

A Strang 1^1 of dehydratton is achieved in two steps: 

-Freeze drying allawing to lemave almost all th© water conteined In the mbc 
-ExW-dehydraOon of the mix; by evaporaiion drying in an oven ala wmperalure well above room 
temperature up to constant weight (control with a balance sho«iing an sensitivity of 0,01 mg). 

For Instance, the detwdraflon pmcedure appKed to the mbc achieved In step a of the example 
Introduced in 3.1 .1 is dei^oriiaBd below: 

fl-Dfehydrate by Freeze tJrying the content of the eppendorf cups (e.9^ by use of a Christ 
(Swilzertand) freeze drier) with the fallowing freeze-drying paremefsrs: 

Safety pressmre healing: 10 mt>ar. 

Pressure mairi drying: 0,1 80 uimr. 
Ice condensen -SZ^C 

Temperature of the sheh^e during main drying: +4^0, 
Freezfrdrying time: 20 houis. 

•mis step a«iws to remove the water belMeen besds under non-denaturtng condiBons. White the 
vrater is eBmlnaled by sHbibnaaon. the enzyme, ihe Ions and »ie sucrose accumuiate ai the 
surface of the tfasa beads. At the end of the freeze dtying. these compounds coat the beads and 
act as a weak cement between them. After release of the vacuunn. a 3-D networtt made of glass 
beads, enzyme, satis, sucix^ and air is obtained. 

10-Recuperate itte eppendoiT oups. Their content oom^ of a soBd Mode because (arrteins. 
sugars and sans, art as cement between the beads. VWBi help of a stalnles*«teel spatula, a 
homoQeneous powder Is obtained. TWs powder (we wBl also cay ft 'mbC in the foHowing lines) is 
made of beads of which ihe suiface is awered by a thin layer of enzymee and slabirEers 
(sucrose and salts). 

The main advantage is that proteins are sufficiently spread wer Ihe surfaces of the beads t» 
avoid aggieaauon phenomenon during heating that lead, after heatlna, to a protein nehiWM* 
ifnpoasiMeto fioiublHre for subsequent aotiviiy measurement Hence ihe glass beads are not only 
used ae a simple adsoiption surface allowing to siabnfa» the enzyme, th^ are also used as an 
Inert finer avoiding aaereaatlon and enhancing protein eotubWzalion aBerthemial tteahnenl. 

An important consequence of ttils is also that a veiy smaH amount of enzyme can be used to 
prepare the Tfl. 
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H-Wlbc ths content of the eppendoirr cups together insld© a plastic tuba to aohiwe a 
homogeneous mbc and plaoe the iatterinskid clean eppendorf cups. 

12-Siore the eppendorf ttups oontaimng the homogeneous mix Inside a d^sicator containing 
PjOs (But encapsulation can also be perfoimed immediately). 

ta-Biulp pan ooveis wUh O-rfngs (PerWn-Bmer, klt03ig-D02&). Race them on a glass plate with 
the 0*rtng face visltrie. Uet diy ttie whole at 1(12'C duifng 15 min In m Qven, man. remove the 
piatd f^unrttalning the coveis from the oven and wait for cooling. Once cooling Is aditeved. turn 
each cover (CMing IsacB not visible). 

14- FHI the pans of 60|il Large Voiume Capsules (Peridn-Bm^. Wt 031s-D02d} with 40to 60 mg of 
rrtbc This step is peifoimed extremely ra|;M|y using a spatula, some negR^ble loss of mix 

occur here (mbc falling outade the pans), However, according to pQlat 7, S should he possible to 
fill approximately 1 00 pans starting firom one centrifugatioa. 

15- Further-<iehydrate the nease dried mbt by (facing the Hired pans at 102*C dudog 1 hour Inside 
an oven, it was possibfe to peifcmi m axtra-dehydration of 1 houf in an oven at 102*C with BLA» 
vtfithoul any inactfvation of the enzyme (here . we look advantage of the neural Ihenmoslabllity of 
the enzyme).. When applying the ^same preparation procedure to anofther enzyme rt would be 
necessary to cheek if this enzyme "is Inacttvated or not From a basic point cf view, %^atever the 
enzyme contained In the mix obtained alter freezs-drying, this enzyme should be sufficiently 
stabilized to be dried In an oven at a terriperature higher than the room temperature. The 
SiKperjmefrtal evidences that motivated the further-dehydration of tha fire&ze dried mix are detaBed 
In Annex ii. 

1.1. 3 Encapsulation of the defiydrated mix avoiding molsliire entrance 

The objective is to encapsulate the dehydrated mix in a small and hermetically closed container. 
It Is necessary to avoid that the dehydrated mix takes up atmospheric mofetuns during 
encapsulation. 

For instance, the encapsulation pmcadure (using DSC capsules as containers) applied to iXxe mbc 
dehydrated in step 15 of the example irtroduced In a.1 .2 is descdbed below: 
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16- After 1 hoar of drying, remove the pans from the wen om by one and seal rapkSy the covers 
on them (<ess than 10 seconds is easily achieved) according to PerMn-Elmer recommendations. 
Close the oven door between each sealing, 

17- let the capsules containing the mix cool down to ambient temperature and stone the whole 
Inside a dessicator cmrtaining some phosptiopentoxide (PaO^. 

18- Etitirap the capsules, containing the dried homogeneous mix, irside Qytgard 184 SHIoone 
elastomer (Dow Coming Chemicals Belgium) ^cootd^ to the foOomng procedure: 

-dispose the capsules in rxKws on a glass plate in such a way thai each row Is separated 
fiotn another row by a distance of 0,5 cm minimum. The oover of the capsules has to be in 
contact with the plate. 

-prepare Sylganl 184 silicone tbHowing the recommendations of iSow Coming Chemical 
(10 part of Part A with 1 part of B (cuiing agerrQ). 

-poar the Rquid silicone cm the (Mate conteintns the capsules up to oover the capsules 
with 1 mm of siScone. 

.» 

-let dry at 1 Q2''C inside an oven during 20 mia 

• -recupaiate the ptate wTth'the c^&utes and the-soiidifi^ silicon and let coat at ambient 
temperature. 

-wfth a cutter, cut siiicone amund eadi capsule to obtmi a.is<|uared piece of siHcone (1 
cm of side) containing the capsule. . • 

-turn each pece of silicone containing a capsule end, with help of a small glass capillary 
add a thin layer (p.5 mm) of liquid silloane on the face cf the capsule non-prnteded by silicone. 

-dry at 102''C in an oven during 15 min. 

-recuperate the irieoBs of silicone containing the capsules and remove the silicone 
comers with a cutter in orderto obtain an odogonal shape, (a OTiail punch can also tie used). 

The eocperimental evidences of the necessity to coat the capsufes with silicone are detailed in 
Annex ill. 



1.2 Measurement Of titaTHs* raa|»on868: Process-Aralue defiennlnailon 

Residual activi^ of the enzymfe^ used to prepare the TTIs is used as a response property. 

For instance, when using a TTi based on a Bacillus Ocherdfoams ocr^mylasa , the qt-arnytase 
activi^ is measured spectrophotometrically at 3D''G according to procedure no.577 of Sigma 
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Diagnostics. THis prooedum Is based on the tinal release of para-nSfrophetiol, wTtifd) absorbs 
maximal^ at 405 nm. 

Acfivities are expressed in terms of the change in optical density per m?n, calculated by linear 
regrBssion from a plot of the abeorpOon versus maction lime- The activity was deduced from the 
Slope between 2 and 4 minutes. Atemperatures of 30*C Wffi© Msed la perlbnn the activ^ assay. 

Because lesiduol activity was used as response property, a ra(^d and efRdent way to put the 
wtyme fhim the mbt in soluSon wa3 necessary. The foHowins method appeared to t>B efRclent: 

1 - Dispose th^ same number of eppendorf cups than capsules to be read en a rack. Number each 
of th^ with a maricer 

2- Put an ^ply l.S ml eppendorf cup vnth sane lock on the (riate of an accurate liKaianoe with a 
sansfflvity of 0.0001 g. Tare. 

^Open a capsule by double lateral Compressron wfth help of a sirtMo »iail bench vice. During 
ih& compies^ons. the capsule is kept between 2 fingere^ in thie less than 10 seconds are 
r^irad tc open a capsule. 

4- coHe<i some mix from the pan of tte capsule Inside thp oppsndorf cup. Close the latter, put it 
on the balance. The value display by ttie balance comssponds to the amount of mbt This 
lUtiount should be batmen 15 mg and 60 rng. Note iL - \ . 

Redo step 2 to 4 ibf sveiy capsule. 

5- SolublB^ the en^me as follows: v.. 

-add 1 ml of distiHsd water In the comspondfrQ eppendorf cup containing an amount of mbc from 
ti^e capsule. 

-dose the e iPpendorf cup. 

nmlx the eppendorf In a radial way with help of a vortex CSlOOO fpm 30 seconds). 

-mix the eppendorf axlallyv^h hand during 30 s^nds (end over end rolafion). 

-pipet 1 ml of Amylase Reagent and 0.020 ml of the soiuthm contalnad inside the eppendort" cup 

hi a cwel. Mbc immediately by inversion and incubate at desli^ temperature during 2 mtnule$. 

-Determine the slope of the absorbance versus tim^ cufva between 2 and 4 minuted. 

f^epeat step 5 for every capsule^ 

6- from each slope, deduce a lesidual ac^vity A in Sigma Units/Irter following Sigma kit 
rBGommendatibns. If the observed nssiduai activity is higher than 200D Sigma unifsifliter, dilute 
the enzymic solution frona the eppendorf in order to obtain a lower activity and repeat the 
measuremeni. 

7- Wfth the qbservad residual acthrriy A and the Initial activity AO carrssponding to the same 
amount of non-heated miscfrom an non-heated caif^uie (everything can be e,g, calculated on the 
basis of 50 rtig of mfac) and the Di2i.i^^*"e of the TTI , calculate the process value Fm using 
equation 1.11.. 
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1.3 Themial chamcterisfics of flie TTI 

1A1 OeterailTOMion of the TTItf heatlnaclivaHon «iw«c mwannetora (D^luea and 
value) under isotfiennal eondltlons 

1.3.1.1 Atee of <fte ciSassfca/ two n^resj*** nteUtod 
Under isothemuil oontiBlons. ^ fii^ outer raacHon can beyffltten as ectualion (3.1): 

AO 

XD« inHial iBsponse value (s.9. Inftlal enzyme acttvtly Ap or initial enthapy of denaturation 



X« r^portse value attar heating b^ent (fe-Q. residual lenzymlc acttrfty A or rosWual enthalpy of 
denaturation H) - ' 

t= akposure time (mint) • 
k= inaoUv^on-Glenaturation rata constant (irun-l) 



or irt the theimal dealtt time tesminotogy as aquation (3^ 

where D is the decimal reduction time (time for one log reduction of the response at a given 
temperature). The D-valMe can be calculated firom the slope of Itie linear reoression line of log 
(X/X^ versus time. 

On the basis Of equaiioii (3.3) (Bigelow 1921), the themtwl sensitMly of the decimal reduction 
time, expressed By the z-value CC). can be estlmgjed by linear reflresslon of log D-vgjues versus 
eonresponding temperatures. 
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It Is pradalmed In the Kerature that w^ien detemiining ihe slope of a flisi order reaction ths best 
accural^ IS obtained by placing the experimeittdl points at the two borders of the wqperiment^l 
domain (Goupy,198S). In ouf case, for each exposure temperature Investigated. 4hB experimental 
domsan connespondecl to the time Interval b^een time 0 (no denaturation) and the maximal 
exposure time oonrespondlno to the detection limit of the reading method Qn ouro^e reading of 
the remlual acthrily of toe enzymeX On the bg^l& of our experiments, ft was demonstrated that 
the inactivatlons kinetics of eac8lus Ed^nmmws orannylase at tow moistufa content followed first 
onJer ldne«G$, Hence, it is possible to use 01% 2 exposure times (dose to the botdais of the 
expeitmentai domain) per inn/esOgated tsmperatiBie ftime 0 exduded) to detemiine the Devalues 
at each exposure temperature. Accuracy was also Increased by usiOfl 4 points per tlm&- 
temperature combSnatton, Isothemial heating of the sample was canted out by immersing 
sfmultanequaly several TTIs inside an oil bath (Grant, England) with silicone oil from Fluka (ref 
8541 5). Cooling was performed In Ige-water at 0*C, 



An advantage of the above mentioned two step method is that It allow? to check gnaphicaHy the 
linearity of the inactivation-denat^mtlon cuives (of course when different heating times are used). 
However, since supendiily of a global tit Is proclaimed throughout Uteralure (Cohen and Saguy 
1985 a-b; Haralampu and others 1985; Myere 1M0; Van Boeke! 19S6), in the present study , the 
heat mactivation-denaturaftlon kinetic parameters ^ vvere also estimated In a global fit 

u$lnig non nnear regression analysis (SAS 1982) ort equation 3.4 (deduced flfom equations 3.2 
and 3^, 




(3-4) 



whens Xq and X correspond to in^l and residual activlttes observed after isothenmal heating. 

Validatio» or ltv» TTl qndar non-isoihemifll condifions 

Since r«al thermal processing conditions Invoh/e non-steady slate temperatwfs conditions, it was 
necessary to evaluate the performance of the TTI system under vaiiabte temperature condiUons. 
Various non-isothermal profiles vw&re generated by placing the TTIs Inscde 2.5 cm diameter silicon 
sphered (Dow Coming Sylgard 164 ^Itoone Etaslomer, Belgium) as described in i!g 3.1. 
Thennocxniples were prepared vsang 0.081 mm diameter copper-oon^antan wires (Omega. 



27 



26.JunI 2002 16:05 +32 16 326515 Nr. 2096 P. 34/81 



Belgium) and EllSb conneoiore and were oonnected to a CMC92 data acquisition system 
(rR92ie. eilab. DenmarfO- An accuracy of 0.1 "C was obtained with each thermocjouple by 
comparison vwth a reference quartz temperature sensor (Testo. Beteigm)- Spheres were placed 
simuHafleousiyln an oil-bath (Grant. England) at 123.2'C and time-tempepature recoiding was 
slatted at the moment of immersion- Process values R-T corresponding to ea<3i sphere were 
calculi by means of equation 1.8 using a recording timMtfep of 15 s. a reference famperedura 
of 121 .i«0 and a »-vaIue equal to file z-vaftie of the TTI obtefined under Isolhaimal oondfSons. 
coeong was peitomed by Irnmersion in water at O'C In order to obtain a process values in the 
ranga 3-60 mln. The prooess-values achieved with the m (equation 1 .11) were plotted vefsus 
1ha process-values achieved by the physlcal-malhemalical method (equation 1,8). in order to 
valldale the aisray of the enzymlo ^em to tateorate correcUy time and iemperature under 
dynamic conditions 



1 .3,3 Calculation of the process value on the basis of tfie TTI neesponse when the z-^ua 
^ of the Til te different from fl»esM«ii» of tl»1aiw*a»ril*ut^ 

. ,Tbe final goal of the present inventtm la to put at the disposal of th» Pood IndMstiy an efBdenl toot 
. . for momtor&ig thermal process impacls on a tfiven laigcA.attdbule of a given product 
.In case the taiaet attribute under study would show & z-vaiue diRerent from the one of the TTte 
obtained ttoltowing the above described TU preparation, it is obvious that deviations betoween 
process-value deduced from the TTI response and ttie actual pfocsss-value concerning the target 
attribtUie under study may become more or less important depending On the actual temperature 
history Inside the product during «i6 themial process. This temperature history will vary 
depending <w the fltemnal cha»ctetfstlos of the product Clieat penetr^on paremeteis) and on the 
characteristtes <rf the pn»ess (holding tftne, holding Temperalure. oome up tlmB.come down 
time). Tvw> dHferent methods oan then be used to calculate a coneflSon fiador to appftf to the 
pn}ces»value derived ftcm the response of the TTI: 

-thefirat method, concemino a single component TTI Showing a z value different from the one of 
the target attribute under inteiesl, oonsi^ in integrating the time-tempw«ure preffle ((neasured or 
slrmdated a finilje diffeience heat transfer model on Infinite qyfindei> undergone by the 
pradud with the asvafci© of the target attribute under study and z-value of the TTIs at hand. 
The difference in corresponding process values and =™Frrti conespond to a conecOon 

i^or to apply to any TTI responses for the product and the process under consideraUon. This 
method is b^er described in Annex IV. 
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-tne second method wouW consists of using: thft already known muBi-oomponanl TTl concefrt, 
menlloried above. Thte method Is described iA annrat V where a small p^rt of the r^Hs of a 
itiorough theoi»tical study of the potentials of three dSm&tA muill-oomponeTrt TTIs fs introduced. 



1 JtA Stability of tiia TTl during storage 

As Wosensors, the TTIs prapared aoooiding to the above described procadure may be sanaitlwe 
fo storage llm© and conditions. In the acsopa of an Industrial use, thwa TTIs have to bs stable 

between their preparation and their use and between their heating and the reading of their 
response. We investigated the influence of stotaga time under ahnospheiic conditions at amUent 
temperature (IB-ZS'C). 
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ZEtESULTS 

2.1 Oetmninafion icrfheat taacHvalion Idnefie paraineters under i^^hemial conditions 

Figured 4.1 and 4.2 descsftie respectiveiy the heat inaoOvaOon kinetio^ of a TTI made with 
BacSbfi ht^wnnanrOs orartivlase (BLA) and a TTI mad© with Bacttus sums amylase (BSA) 
IbllowinQ ihe above dascribed procedure. (In ann^K VI, results actiiavad with a purfRod Peotme 
Methym Esterase CF^ME) are also Inftroduoed); 

Tables 4.1 and 4,2 present the D-values and z-values and ttieir associated standard error of 
regression (datermloed by linear regression), respadiveiy for TTls prepared wKh ^ mbc based on 
BLA and TTI pnspamd wtth a mbc based on BSA. Both mixps show sidadafd ©rrora of regression 
lower than 6% of their Devalues and their z-valua (except for ihe mbc based on BLA which ahows 
a standard awor off reflresston of 7.6% of its D-value at 127^*0). A D12l.1-value of 45.77 min 
was deduced from eguaflon 5. 

2^ validation under non^solf^nnai conditions of the Tits prepared with a mix l^a^red on 
. BLA. 

Figure 4.4, 4.5 and 4.6 Introduce ttie following: 

a-FtelaUon between Frrf and Fx-r corresponding to the same UmMempaiatura profiles and 
calculated with the z-valuo of the Tn. 

b-Relation t^etween Fm and F^t oorresponding to Itie same time-temperatum pnorfile and 
calculated with a z-value equal to IC'G. 

c^Relafion between R-t calculated wtth the z^value of the TTI and Ht calculated with a z-value 

equal to lO'^C. 

d- SuparposHiort of b and a 

in flsure 4, the TTI fdnelio parameters are dedvoed fram a two step llwar regression method on 
the Isothermal UiacfivaQon data (aquation 3.2 and 3.3). 

In f^ure 5, the TTI kinetic parameters are deduced from a sinflle step method (non-linear 
regression : aquation 3,4) on the isothermal Inactlvaiion data. 

in figum 6, the TTI kinetic parameters are deduced from a single step method (nonlinear 
regression : equation 4.1) on the non-isothemnal InacGvafion data. 




(4.1) 
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For ca^a ^ and b, the absolute percentagB error in process value esUmadon by the TTI was 
cdiculated with equation 4.2: 



enor. | = 



Ft-T 



xlOO (4.2) 



Far 0098 the attsoluta percentage enpr bcdween F|.t catctdated with the z-wlua Of the TTt and 
Fi^rcaicui^ed wfth a z-value eqt^l to 1 0^'C^ was derived from equation 4.3: 



Table 4.3 summarizes the icinetic param^ens artd the absolute average % error achieved when 
using the TTI based on a mix prepared mth BLA Whatever the set of icineSc parametei^ used, 
the TTIs aDow the measurement of pit^oese-values in the rang^ 0-60 min with an absolute 
average % wot not greater than 13.47%. Ateo coiretations oliserved iwtwean Pni and Ft-r are 
definitively higher (0.98) than the oorrelalion coeflwenis observed wHh the system t>ased on a 
mix equilibrated at 4a% ERH (0.90). This strong fmpfovement of the conrelallon is due to the high 
and similar level of dehydration Induced by 'the sealinjai of the capsules perfonn^ immediately 
afterihe diying step in the oven. 



2.3 ftiatHlity of the TTI during storage 

2.3.1 litfluence of storage ffina on the TTI response laietween healing and reading 

Table 4,4 Introduces the evolution of the TTI-response versus storage U(tte at ambient 
temperature and under atmospherio condrtions. The values correspond to a TTI based on Bl-A 
prspared as described in ttie e^^ample introduced ir^ paift 3.1. Prooess-values derived from TRs 
sutffnitted simultaneously to the same heat treatments and read ai different moments are lasted. 
The oiitial enzymic ao&vity u$ed to perfonYt the calcuiatiORs Is the irriiial actM^ deduced from 3 
non heated TTIs at Day Q. 

An interesting stability (less than 8% decay) of the process value derived from the TTIs can be 
observed up to 6 days after ttie heat treajment. This is due to a small incres^se of the obseived 
residual activity with storage time (4.9% for treatment A, 4.4% for treatmem B and 5.5% for 
treatment between Day 0 and day 6). 
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2Jt.Z Influence of stMage time between proparation and use 

Due to the fretee^diylng step and the drying step (i02"C in an oven) Included In the preparaBon 
procedure of the TTI, the latter Is lolally dehydrated and was oteeiwed to show a oood slab»il» 
during sev6fal months. Heal InacfivaUon pararneleis (D^ues and z-values) were oortsiant for 
seveial months. 



32 



26.Jufli 2002 16:06 



+32 16 326515 



Nr. 2036 P. 39/81 



r 



EXAMPLE! 



Explanatioi^ of step « of Itie preparation procedure. 



For instance: in 9 ml of tiie uHra-fiKerad diizyme sottition obtained after ha^ng diluted a sample of 
tlie T12QL boHle 32.42 Vm^ in order to obtain 1 mgAtii of protebis. vve have 0,277 ml of enzymio 
SQluffon talcen h) thifr T1201 bottle. In oitter to dilute 5 IJmes Oils volume, vra have then to reach a 
fimtf voliinie <^ 0^77*5-1.385 mi sfartlng from the retentst. In ca^e the relerttat has a volume of 
D.6 mi it wtil therefore ba necessary to add a785 ml of buffer in orderto reach 1.385 ml. 

NB: A specific aotiv'rty of BactTIus Uchenifofm^ a-amylases from thneid different batches of T120L 
was observed as being 37.33 stgma UnKs/mg with a standard deviation of 3.31 Sigma Unils/mg. 
Th^ 1G«^ standard deviation allows to use the same (5 folds) leve} of dHutton h order to finediy 
achieve an interesting Initlai adHvtty per mass unit of TTI, that Is an InBiai adivily allowing to 
simptHy the reading procedure of the TTl responae i^r heating. However, in cai^ a vary 
different specific gcilviiy VM)Uld be observed in another commer^l batch of the same enzyme or 
with aaothar enzyme^ it would be necessaiy to adapt the dilution steps accorcSngly. 
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EXAMPLE II 

The exp^irimeiYtal evidence *ha[t motivates the tkivftiGr-dehydratton IS) of the freezer 

dried mix. 



This step is oniotai because it atlows to Bmit variaUoAS of atmospheric moisture uptake by the rnix 
\n^d& the pans before subsequent rapid sealirt^. When sealing is peribmied rapidly at the output 
of the oven, the mix contained In each pan is equally dehydrated and thfe ($ a key point to 
achieve 8 good accuracy an reproduclbilily df the enzyme inactivatlon. Three experiments were 
conduaed to achieve a better understanding, of tha moisture sorpOon t>ehav!Qr of the nUx at the 
atmospheric conditions. 

In the Itrst experiment, eovpQon Isofhemis wera.derteimined tor three dWerent mafaices. The first 
matrix was made of afreeare-dried mix of gld3s beads mixed with Bi^ solution containing 5uqro$e 
and salts as stabilizers. The second matrix was made of ^ frseze^ned rtiU of glass beads and 
BIA solution piwiously dlalysed against disUlled water to remove staMlizers (supit)se and salts),. 
The third malrix was glass beads alone. 

Rgure annex 11.1 shows a comparison of the son}tion isothenms olTt^ned at 4^^. It Is clear that 
moishire uptake is almost totally controled by the stebilbdng substances (sucro$d and salis) rf not 
removed. In the second experiment, the sorption isothenn of a mix prepared foHowIng exactly the 
above described TTi preparation procedure with a sample of BLA solution (dilution In Buffer bis 
tris pH 6.9, uttra oentrifugation-..) was determined (figure annex H 2). It appeais that moisture 
adsorption starts to increase significanijy around a water activfty of 0-S (50% equilibrhim retaUva 
humidity}. Thfe obseivaBon is of Impoitanoe since it expltins that adsorption of moisture from the 
air toward the mix can occur because of the % rdafBve equilibTfiim humidl^ of the air inside a 
laboratory (45% to 55%). 

on the basis of thfs infoimatfon H became impdrtantio analyze the kinetics of moisluns adsorption 
on the mbc after dryifkg for one hour in an oven and the kinetics of desorptlon of waJer lirom tiie 
mix when placed inside an oven at a temperahjre well above room temperature. Therefore, a 
Ihm experiment was run, which consisted in sutHnitting 6 pans tilled with freshly freeze-dried mix 
^ heating in an over» fbHowed by storage during 24 hours inside a dessicator containing P^Os. 
Each pans and hs content had been we^hed before to be put inside the dessicator and no 
variation of weight was obseirved during tfie storage bi the dessicator. Thre^ pans were exposed 
to 102*C during 5, 10 and 60 min iesp$ctively. Three other pans were exposed to ©O^C during 
50, 120 and 180 mIn respectively. At each time, each pan was weighed Immediately and one of 
them was kept for residual activity leading while the others were immediately placed back InsWe 
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the ov^n. Table annex 11.1 provides data ^bout water ddsorption from a freeze-4ri&d mix stoiBd 
inside an oven as a funclion of exposure time and temperature- TaWe annex 11.2 shaw$ wter 
adsorption on a flneeze-dried mlK stonKl at nkom temperabira fn fiincttort of llin& From table dnneK 
B.I it can t)o concluded ihat a mix prepared with a BLA wUiUon. 1ie«e dried and stor^ in a 
de^calDrduilfta 24 hours still Gontaln? water and is totally dried after 60 min at 60^C or after 10 
min at ID^^'C No activity deoay wa^ olxserved what&verttie case. From table annex i!..2 ft can be 
concluded that the mbc rapidly adsorbs moisture and that an equitiiarium with an atmosphere at 
22*^0 and 55% relative humidity is achieved after about 15 min. The observed average gain of 
water is only 023%^ with an important standard deviation of 0.05% that represents 22% of the 
avaraQe gain of water. It comes down ta say that 50 mg of fireeze dried mix stored 24 hour^ fri a 
desslcator would adeorf) 0.12 mg ±0.02 mg of water. Due to the fa<^ tfial 50 mg of mix prepared 
with BLA according to the procedure described above contains no moi9 tharh Q.07 mg of ei^me, 
!i Is obvious that the relatively high standard deviation in water adsorption can lead to important 
differences in the mass ratio "en^ymeMater content** from one pan to one another, that can* in 
tum, lead td Important differences in terms of ihermal inactlvaition and finally in terms of process- 
value caii:aita[ted with different TTI3 (capsules) from a same TTI pTdparallon i>atcii. 
.^^ An iilustf^'on of this- is ^own with Figure, anneoc }l.3.>:TMs figuD^.ponre^nds to a valldaUon 
under non-isotfiemnal coAdltions (see part and 3.4) of a JTI system (oalied BLA0.48) made of 
encapsulated mix (made wfth Ba&tlus BalwAiSonnls oramytase} equiRisrat^d at a relathfe 
' equiitt»tuWi hunddiiy of 4a% at 41 ''C by use of heirmeUcallii^ sealeCl containers containing 
' saturated salt solutions of Itffagnesium Nitrate (MgNO^ /according to Greenspan tables (1977). It 
appeared' that for similar heat treatments, that te for similar or almost similar a^ual pmcess- 
values Ft-T derived from equation 1,8, an important variation C3f the i^rooess-vaJue FTTI derived 
fkbm the response of the TTI (equation 1.11) could be ottserved and that it&s variation was 
Sncrea^ng mth the actual process-wlua. Whatever the Minnie paiameteis used, derived fimm 
isothermal data or non Isothermai data, a non negngibie'% error around 20% In the prediction of 
the actual process value (see equation S) was oonsequenlly observed. As shown by figure 3-4 
this % error of prediction was seriousty decreased up to around 13% when plotting avemged 
FTTl versus the averaged coirresponding Ft-T. I^etherfhetess, the tmporiant variations obisen^ed 
on FTTI derived from several TTI submitted to similar heat treatmants is undout^edly due to non 
negii^bl^ variations fivm pan to pan of the amount of water taKen up by the mix inducing various 
ratio "enzyme/water oontenf firotn one pan to one another. This is probably not the only rsason. a 
second reason ootdd also be hysterdsis phenomena. It has Indeed been ehown above that an 
a^ilibrium between a mix and the %RH of the air. which is often beiween 45% and 55%^ could 
t>e achieved In few minutes. In the case of BLA48, the equiiitMlum relative humidity v^as around 
51% when fliling the pans \wth fireeze-dried mix. TTie consequence is that, dunng the lilljng of the 
pans, paitial equiHbratiQn with air humidity Induces an excess of adsori^^d water inside the pans. 
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From one pan to aftolher the parttel equilibration time Is not exactly the same fi"^ Pa"^ 

aie submatad during a longer time to the humWHy of the air than the last ones)- This induces 

heterogeneities in water contei* of the pans before they are placed uoder 48% humidity 
atmosphere. Few pans are below and others are above the expected equiUbrium nsldllve humidity 
lhat IS 48%. Depending on the case, water atteorptfon or waier desoir^oit oocuis under 48%ERH 
exposure, InsWe the hermetically dosed containers wffli saturated Maoneslum nitrate solution at 
41 -C- But at the equilibrium under 48% ERH the pans where desorpfion occurred have a higher 
water content (mass %) than pans where adsoqallon occur. This comes down to say that the 
desorpllon Isotherm cufve can not be perfectly superposed to the adsorption isothenn and this 
phenomena IS called "hysteresis^ (Fennemg, 1985). 

To overcome any hysteresis we decided to Investigate only TTI systems based on a nibc strongly 
dehydrated by even heating at a tfimperaiiurB well above the ambiarU and encapsulation by 
sealing within few seconds after heaUng. 
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EXAMPLE m 



Exp&vfmeiital evidence forltiQ necessity M coat capsules wifh silicone (step IS). 

This step appeared to be necessary tQ overcome eittrarice of water inside the capsules after 
fieaimg and subsequent drastic <shanges in the response of the TTL Indeed, aooording to out 
esQieiiments, the DSC pans are nottolally henmetioal^ sealed, evon vnhen respacting the $aaUng 
rules from Peiidn-Elmer. To show », asmall plastic net containing TTIs vvais placed in contact wfth 
the tip of a thermocouple {daced, wWi help of a spedally designed frame (see llaure annex Ui,l), 
at the center of a can liDed with wat^f. The frame was made of tJirse teflon rings fixed on four thin 
stainless steel rods. The two rings at the bottom and top were fixed while the middia ring could be 
adjusted up and down the length of the steel rods lo a desired position. The net containing the 
TTIs was held in place by t*w thin non-elasUc strings traversing across the diamMer of the middle 
rir^ and lied to the rvtiddle ring on either side. The net vras. attached to the two strings u^ng smafl 
nodes. Rgure SLa.descrfbes a can equipped with a th^miooouple and a net contalhlrtg TTIs. Once 
equipped, the can was submiHed to a staOo heating process in a single basket (height 37QrTim, 
depth 700mm and width 4Q0mm) Steriflow simulator (microffow type 91 1R n*S77. Bamquand, 
Franca), i-leating medium temperatMrea were recorded eveiy 15 seconds using caBbrated oopper- 
constantan thermocouples (Blab, Denmark) by a CMC-92 data acquisition system (TR9216. 
Ellab, DenniaitQ.The actual process value was oaloulaied on-line (with Trel^121.1*C and zp ?Tn 
based on equation 1) by using the software Pcsott92 pteb, DenmarfO ^ a recording step of 15 
seconds. A fifst mo leading to a process vahie of 15.54 min wtth 4 capsules non protected by 
silio&ne was performed. A second mn leading to a process^value of 14.85 min was perfonned 
with 1 capsule Over-sealed <thJckn6ss?=2-7 mm) without sillaone. 1 capsule strongly over sealed 
(ttiid^dss=2.6S mm) without silicone and 3 capsules normally sealed and coaled with silicone. 
Table 3.3 introduces the process values FTTI (aquation 1.11) achieved with the TTIs depending 
on their level at protection. From table 3.3, a appears clearly that a large overesUmatlon of the 
true piocess-vaiue is achieved when using normaBy sealed mvi over-sealed capsules not coated 
with siOoone. This is due to some waiter entrance inside the capsules alter sealing and especially 
durtag the heafing-process. This entrance of moisture decreases drastically the I>-vaiu6 of the 
TTI during heating thus leading to residual actrvilJes much smaller than those observed avoiding 
water penetrah'on. Over-Dealing, however^ appeals as decreasing the entrance of water inside the 
capsule. It is Interesting to mention, here» that in spite off the moisture entrance inside the 
capsules, the mbc appeared visually as a totally dried powder when opening the capsules after 
heat treatment Due to the fact that previous experiments showed that 0.05 mg of molstore 
uptake was enough to make the mbc (of one pan} sticky we couki oondiKJe that tha amount of 
water to penatr^e inside the pw during fte healing process is smaller than O.OSmg. This 
experirtient shows the hiportance of the moisture contnil at aD levels of preparafion and use of 
thsTTK 
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EXAMPLE IV ^ 

Method Id caJicutQiB a oorrectidrt fydor to apply to the PrDC99&- value iladuced from a 
single component Ttl stuywing a (MfVBrBfit z-^lue than the one of the taiget attribufe under 

interest. 

This section introduces computer oatculations t)ased on a Qn&dannensional explidt fbrward finite 
difference heat imnsfer model (Silva and others, 1992). The computer calculations are based on 
the fact thai, for a conductive heafing infinite cylinder at uniform Iniilal temperature and with a 
constant surface temperature, the healing rale paramester fh, defined as the «me required to 
Change the diflterence between heating medium and product temperature by a factor of 10, can 
be expmssed as a function of the thermal diffUsivliy and the radium of the infinite c^inder R 
. (equaHOft annex iv.l) (Bail and Olson, 1957). Hence, liased on equation annex iV.I, it Is possible 
to define infinite c^iind^ simuiating foods vdth imown fh-vaiues. 

For instance, we performed a theoretical study where 21 vanous theoretical food products with 
ghren fh-values in tte range 0-150 min and 15 various tarset proo^ vafues in the range 3 to 60 
mm (With z=10*C and T^121.1"C) at the center of these products were consktered. 16 different 
holding temperatures for the theoretical process were cOwsen between 110 and 140''C (every 
2^C). Taidng aO the dlff^nt vaiui^ of f^. hoidina temper^itures and target process values, ft was 
possible, with a zalO'^C, an initial tempersture of the inoducls equal to 20^0 and a temperataire of *. ^ 
the cooling-medium equal to 20^C (Fiq: it would be possible to repeat the same experiment vnth 

. other parametera), to generate (21''16*16)=5040 con^ondlng time temperature pranies witn» for 
each of thttYV a conBsponding holding time at the tiokfing temperature (roi: in our experiment the 
oome up time (CUT)/ that Is the time required for the heating medium to reach the hotdlng 
temperatuns was consldeped as zero. In case the process undi^r constdetatlon sIk>u» CUT 
diiferent from 0, tNs CUT can be transformed in an ec^alent time at the holding temperature of 
the process and added to the holding time of the process.}. Table annex IV.1 shows the 

processing condttions used to generate conduc^n heafing profiles with a finite difiiBrence heat 
transfer model. 

The following step consisted In integrating these 5040 time^emperature profries (each 
ocrrasponding to a combination target process value, holding temparature« ft^ 2=10''C) with 9 
different z-values from 5.5" to IB.S*' by I'^C, that could ndpresent the Zrvatue of a TTI different 
from lO^C (^-valueslOX Is current^ used as a peference Ibf tha cafoulaOon of pracess-vaiues 
with spores of Oo^ritSum boHOnim as a targ^. A Simpson integraiion routine (Camahan and 
others 1989) was used for the intfi^ratioa.Hence* for each <rf the above created 5040 time 
temperature pmfiles, 9 praoess-vaiues acTiieved with a z-value dffi&rent Itam 10** C 
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were obtelned. Each of the 9 proeaas-values achieved with a s^lue diflterent from 10"C was 
QMnpared to the piw©» value achieved with zr^lO'C, which was. of course, equal to the target 
pnjoess-value under consideration. Hence, for each combination "Th. holding tempetatture. holding 
tirne. and ztanser, a % oorredion, calied C, to apply to the process value derived from 
the TTI with a z diHereia from 10'C couW be caiodated with equaiior* annex IV.2: In this way 
SQ40*fi=4S3S0 coireotion fiactois c oould IM calculated. 



(Annex IV.1» 



(Annex IV.29 

100 



Finally, byooBocHng;forBach gluen f„. zTTI diffeifent from lO'C" combination, the oonBsponding 
holding temperatures, holding limes and % conection C.rit was possible to obtain 240 points in a 
3 dimensional representation wheiB the coireotion factor.C are plotted versus «ll conibinations of 
"holding time (ht) and holding temperature (J)\ The. foiiowing ^ep consisted to perform a 
modeBng. by nonlinear regression (Sas, 1982). of the 21-9=1 89-threeHdlmeoslonal graphs 
consspondTng to the 189 clouds t3r240 poiiits. Agood ftting ( small.rea^ 
in tlia 189 cases using M equaUon ofthe fallowing form where 11 parameters had to be found ft>r 
eacli"li,.z^"«Hni*iation. ' ^-^ 

(l/(ht^) (Annex iV.3) 

v^: T^dbig temper^ra (1 ICC to 140^ by Z^. 
h^holding ttne (houis). 

0% corrtdion to apply to the process value derived from a single component TTI 
showing a x value t«ffei«nt from 10'a The. conecUon has to be applied as fbilows: 

Ones the 189 equations ware otrtalned. the corresponding graphs were plotted with help of SAS 
software (SAS 198Q. 

For instance, figure annex lV.1 shows an exantiple fox ^ single component TTI with a ?p-i3.5'c 
used in a pmduct w«h a fh=4.37B min. Figure annex IV.2 shows a second exarnple of a single 
component m with a 2=i6,5*c used in a product with a fh=4-37« mIn. Of course, only a part of 
these figures correspond to reaGstio conditions met in the indu*y. 
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EXAMPLE V 

Pofisibility to US8 multi-component TTIs to d^miine the process-value Inside a product 
vftmn no sliigle-«omponiM(t TTl showing the znvalua of the target attilbufe under inteHBSt is 

available. 

•4hl& method consi^ of using the already known multj-component TTi concept, menUoned 
above. 

When using two-component TTte. this method is based on the hypothec that for r$l^'ve small 
dlfTersnces between the z -value of the target attribute of Interest and the z-velue of the TTI, the 
ditferenca in the F values for the target attribute of interest and the TTi, AF=, i& pn^portlMal to the 
Gonespondent dfffierence of the z values, Az. Taking into account that AF-0 vHt^n j!kz=Q, we have: 

dFaa*Ar fennexV.I) 

The parameter a In the above equation can be detenmtned frtxn F-values (F* and 
calculated fnam the msponses of two TTIs (or from a double response TTf system) each one of 
them chanaiaerizdd by different z-value (zi and za) as <K=(F2-Fiy(z2-z^). Having thus calciaaled the 
parameter a, for a given themial treedment, '^en fay using the F-valtie assoctated with the one z- 
vafue of the TTI and the pravtaus equationr one can calculate th^ P-valtie for a taiget attribute 
with a particular z tasget If the z-values of the two components of the TTI are above or t>etow the 
one of the ta^art attribute under literest, then the actual prwaas-value can be ev^uated by 
e>d:r^poiaijOft. ff the z-vatues of ttie two components of the TTi are above and below the one of 
the target attribute under interest, then the actual proc$s$^value can t>e evaluated by 
interpoiatlon. 

When using tnpfe-Qomponent TTIs, a simple non finear regression ctan be perforaied with Fi. 
Fa, zz, F3. Z3 to find the paiam^eis a, b and c of the foilowing equation: 

F=a*iz;N"b*z+o (annex V.2) 

Then, by applying the target z-value to this equaUonp A: beconH^ possible to evaluate the actual 
F-value corresponding to this target attribute. 

In order to evaluate the poterttlala the muftkwnponent TTIs to provkte ^ good estimation of the 
actual piAce^ value oonesponding to a target attribute with a z.=i€ro, we Integnatad the 5040 
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tim^ampGx^ure profiles described In ^nnex tV with a n^-value of IQ^'C to obtain ilie actual 
process-value Corresponding to this target attribute, '^^^^Ftti.rc?. I)f» a second step, %ve integrated 
the 6040 prafHes with zfB.S'C, zpia.S'^C and ^iB.5''C that could be the z-values of the two or 
three components of a multi-componsnt TTIs, and c<^lected the corresponding process-values 
^^•^'"^Fi^iA^c. ^"^^™Fi2i.t*c ^hd ^^^^'^i2i.vo< In a thlid step, the following oases were t^k.en as 
examples of muKi-ccanponeRt TTIs; 

C«5a 1 : iVrfo-component TTI with 2.S^O and z«16-5"C, 

Ci^ 2: Two-component TTI with 3E«e.5'C and 2=1 3.S^C, 

Case 3: Hiree-component TTI with z=8.6»a 2=13.5*0 or a«16.5*a 

In case 1 , the evaluation of the actual "^^"^Fiai .i^ was perfonned by Bnear extrapolation 
In case 2, the evatuation of the actual *"^°^Fiart.i*c was performed by linear blterpolatlon. 
In case 3, the evaluation of the actual *^°"°Fiai.i«^ was performed by.non linear interpolation. 
In qllcases the responses off the muSM^mponent obtained by extrEqrotatiOri or interpolation, 
were called F(rnuWTTl}. 

For each of the three examples of multt-component TTls. a % correction C was calculated using 
equation annex V.3: . , 



"w»rrecaon w FftnuftiTTO J 



(annex V.3)) 



When& 0=^ correcOon to apply to the process value F(rnuItiTTI) derived from a mulfJ-oomponent 
TTl_ The con^sdion has to be appfied as follows:''^'^T^^nH-tf=F(rnuItr^ 

Finally, for the 21 ft mentioned In annex IV, R was po$fltfble, for each of the tfiree muKi component 
TTIs, to plot the 240 % oorrei^Qn C-vahies versus the 240 oonesppnding oombinaaons "holding 
tempei^ture (T). FtaioeT. Tat^e annex V.I i^irovides details about the potently of the three nmHi' 
component TTIs de5crit>ed atxjve to evaluate properly the acAual process value ^^'^*^t2i.i-c. tor 
pfXKluds with ft, =10.81 min, fh-20*11 min and f>r=75.16 min. Table annex V.2 allows to compare 
the perfoimances of the above described multi-component TTIs with the ones of single- 
component TTIs showing simitar z-vaiues. 

Several observations can be made: 
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1- On the basis of the parfcrmances descalbed in tsUes sjnnex V.I arid annex V-2, rt appears 
Clearly that, m all cases, the muttt-component TTIa allow to determine the actual process value 
with a slgrtiScanUy b^r accurate than tha single component TTis. 

2- wliatevertiie fh, the threeHComponent TTI is logically nriore acx:ufate than the two component 
TTls. l4owever, Ifie two-component TU with z^B.S'^O and zfIS.S^'C providds a level of aocuracy 
almo^ equivalent to the one of the three component TTt. The two connponent-TTI with 2«13.5''C 
and ZFie.6''C also shows an Irttarestlng ievet of aocuracy t»jt % appears that, aocording to the 
highest negative % correciion C and highest positive % correction C ot^served, its accuracty may 
decrease strongly in a given range of "Rarget, T" cornbinalions. 

In Older inustrate the van'atlon of accuracy of the above described muW-component TTts, non- 
linear regiessions were perfonmed on (annex V.4) where 11 parameters (ao to aio) had to be 
found for each 'iti. muttrm- combinaGon. 21*^^ noiHInear legTeisiO^is were perfomied on 63 
dataeels of ?40 points. 

C=atf#-ai*T+a2'*Rarget+a3n=largetn-4-a4*(F^ 

(l/CFtaigel*Tft+aa*<1/Cf^)+aio*(1/(Ffc3ii^^ (annex V,4) 

with: T=holding temperature (110°C to 14Q*C by 

Fiarget=±aciual '*°*^Fi2i,i«o achieved by integrating the Iime4emperature proRlee vtdth 



Figures annex V.I , annex V.2 and annex V,3 show the %conection C as a function of Ftarget and 
holding temperatures T for the tw&-Gomponent TTI with zfI S.S^C and zr^ie.S'C. These 3 graphs 
show dearly the condiBons fin which the use of sudi two-cx»nponent TTI ooufcf be suitable and the 
conditions In which a low level of accuraGy on the evaluation of the actual pmoess-vaiue 
^^^^121.1%; may ba adtieved without use of a % conrecDon deduced f(om equation annex 

The most impcrtant observation here. Is that, in a br^ad and re^llstjc (with regard to the thennal 
processing of foods) range of taiget process-values Ft^rget, holding temperatures T and fn, the 
three-component TTI with z=a,5'C 13.S*C and 16.5**C and the tefo component TTI with a«»8,5'C 
and 13.5''C. show, in all cases, d good level of aocureKsy in process value detemrdnation. Hence, 
without applying any correction and without taking into account the ttieimal characteristics of the 
product nor the thennal characterfstlcs of the process, these muHhComponent TTls may 
guansintee a high level of accuracy in temis of process value determination. 



z«10'C. 

Cb% conecGon to apply to the pfiSo&ss value derived from a single conngMnent TTI 
showing a z value different from 1 0"C. The correcAon has to be applied asfofiows: 
FtaiBei=aelual '*^FT2i.i^3?=F(mulhTTT)*(C?i=<^ultr^^ 
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Conclusion: 

On the basis of *e ajbave results, it appears clearty that mufti-coinponent TTIs with z-values 
dose enough to the taiget attribute z-value, may be used as an exlremely efficient approach in 
case of the lack of d single component m witli a z-value equ^l la the one of the target attribute 
(in our exaimpfe 10^C). They aHcM tte deteEmlnatimi of tti9 prticesshvalues with a good accur^tiy 
without any necessOy to know the thernid propertiN of tha food, under concern nor the thermsd 
<diaraetfirtetlcs of the process. Moreover. If, on one handi the usi» of mutH-cotTiponeht TTIs nrmy 
necessitate more Utn^ to be used due to the several readings irequired, on the other hand, their 
enonnous advantage is iha! they could allow the determination of thermal impacts on tanget 
atfiibutes with various 2L-va!ues (not necessarily 10°C). This last point may largely counterbalance 
the necessHy of several readings <at least two) inherent to the use of mum-Gomponent TTIs. From 
a practical point of vieWr the above mentioned results show cleariy that the finding of an en^ymlc 
TTI wW) a z-value doae to &5*'C, prepared fi>llowlng the «bove described TTI prooedure and 
based on another sub£«^d specffldty than the fiacfflus Rcn&iHfofna^ ^pha-amylase merdioned 
above, mfey aBow to prepare an efficient and polyvalent two-component TTI, based on a mbt 
containing this enzyme and Ba<^lbiS HdiGmfomm alpha^amyla^. 
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eXAMPLEVl 

Apr>Iication of the above described TTI preparaition procedare to purified cucumber 
Pectine-Methyi Esfevase ME): possibility to prepare Tils for pastsuiisafion 

When applying the abowa described TTI pfeparatkin procedure to a purified cucumber HWE, the 
foUoiNlng ineoUvafioo euive is obtained at lOTC (Bflufs annex Vl-1). The D-vahie obseived at 
102"C wa? 65^ rain. Although onn? one tenqiereluie ejcposure was investigated (ao z-value 
d^emninea), this result shows that fi) it is possible to strttngiy InCTease the thenrial staWilty of a 
plant related enzyme 5«(*t as cucumber PME up to temperatures higher than 100°C ijSt hence, it 
appears possible to use the above described TO prepar^on method ala> to prepare Tns useful 
for li^ pasteurisation processes (fiO-1 1 0'C). • 
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Box 1 Commonly used terminologies 


to describe iieat inactlvatlon kinetics 


Thermal Death Time concept 
(i.e. fitAi order reaction) 


Arrheniu$ concept 


-Commonly used bi 




thermobacteriology end thermal 
processing 


ctiemlcal reaction 
kinetics 




-A measure for the rate Of reaction 




Decimal reduction time D (min) 

Defined as the time at con&fant 
Temperature required to reduoa the 
tnWal response value by ^ 


reaction rate constant k 
((response units)^'" (time units)*^} 




k 

-Temperature coefficient 




z-vaiue (*C) 

defined as the temper^turB Incrsase . 
neceeeary to obtain a tenfold decrease bf 
theD-value • 


activation energy Ea (J/mol) 

•« 




f T«f - T ] 

D = Dr«r -10 ^ ^ ^ 
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Table 2.1 


: State of the art of TTIs (Van Loey, 1996} 






Origin 




Princ^te 


Activation energy or 
zrva(u9 


Rafaranoe 


Microbiological 


extrinsic 


cfispeisad 


BacBtus st&BTOihBnnophUus 
BaaHus coagalans 
Bacittus mibtilis 
Ctoslndium ^pofogenes 
IriOculdldcl Pack* 


NR^ 
MR 
NR 
NR 


Burton e/ai. 0977) 
Jones ftPflug (1981) 
Pflug&Qdkau9(19d&) • 
• Pflyg&Odlaug{19e5> 




Permeabte 


BacUius stsafothQrmophffus in atgir^ta 
BboiIIus sfeapothermophilUB In alginata 
dosfriaium spofo^noa In alginate 
BacBhJssteanatheimcpbffus In alginate 
fiscsEbis eteatottmmopN&m In atalnate 
Cfosfrhffuin spomgon&s In a turKey cuba 
BaciOus stearafhermophlhis in polysoylainkle gel 
Bacillus sfearothermophilUB'in ateinefts 


' 12.5-1Z7-C 
NR 
11.7*C 


Bean efaf. (1979) > 
• Brown efe/. (1084) ; 
Brown ef8£. (1984) ! 

Heppel (1985) 
Sa6lryaf0lL{1888} 
Segner ef at (1 989} > 
Ronner (ISSOa, b) j 
Gaza sfaAn 990) 




Isolafed 


BaciBus anthraclsjn panspax 
B&cSh^ i^mtiwrmophilw in plcsti^ 
BacWus steamthermaphUus in glass bulb 
B&G^ steam&tenaoTJhihia in atuminium 


NR 


Hunter (1972) 

Hersom & Shore (1 981 ) i 
Rodriguez & Tdxelm (1988) ? ' 


Enzymic 


Intrin&lc 


dispars&d 


enzyme-oinkad Immimosarbant assay for lactata 
dehydrogenase 


NR 


SmHIl (1995) 




Penndable 


^alactosidass in ai^nate 

lipase In alginate 

nitrate naductase in algfnata 

immobifizeci amylase in alginate mafrix 


NR 
NR 

MR 

NR : 


Matttiiasaon &. Gudjonsson (199^) 
Matthlasson ^ 6uc||onsson (1991) 
M3tihla&£on & Gudjonsson (1991) 
. 1 WunderKch (1995) 






immobilized peiio)ddase in dodacana 
ImiYubilized B^ofBus tich&nltara^ ocramylaiid 
BatMis amyioirque^ciem Oramylase + 

83wt%glyGerGl 
BaoBh!9 amyfoikiaefi^ciem a-amytase + * ' 

49wt%alVcenDl -f 31 wt%sucn>se ' ■ ' . 


1Q.1'G 
302kJ/moI 
roikJ/mol 

Ea=560M/rnol 


Wang! a^^J/. (1991): , . 
Weng eta/. (1991) 
DBCQtdteea/.(18g2) 
: Decortit(i8B4) 

i DaConlt(1994') 


Chamlcal ' i 


intrinsic 


dispelled 


formafion of 2«3-dlfiydra-^»5dihydrDxy- 
6-fn.dtl7yi-(4H>pyran-4-ons 


sekJ/niol 


Kim &Taub (1993) t 


extrinsic 


dispersed 


(hiamlnB breakdown *• 


. 2B"C 


, Munavafa/.n975a.b> 




Permeable 


MaiUard's reaction on paper disc 


NR 


Favetto et aL (1986, 1989) • 




leoldtad 


hydroly£l8 of dis^acharldee 
mettiylnriettiiQnlnB aulfonium braal<dc»Mi 
ackl hyd relyela of auorosa 

destmciron of Blue 4t2 at pH 1 1 .3 
ddfitmciion of Blua 4*2 At pH 0,5 


20-22.8-C 
94»6kJ/mo1 
S8,2kJ/mol 
74.5kJ/nK>! 


Wen CWn (1977) | 

Benyafal(1989) 
Sadegbi & Swartzef (1990) 
Sadaglil & Swartzai f1990) ^ 
Sadegtii & Swartzel <199o5 ' 


Physical 


extrinsic 


isol^ed 


Tbernial Memoiy Ceir 


S.4-9.6*C 


Swaitzerafa;.(1991) 
Witon&ky(1977) 



a: in inot^lated pack studies, micro-organi8m& relevant to the type of product end prooess are 
added: thus a single z«value cannot be given as thle depends on the parfteutor micro-organlsma 
used in a given study. 

b: the thermal memory cell Is based on the diffusion of at least two different Ions, each with their 
own activation energy, in the insulator layer of a nnatal-insulator-semiconductor capacitor. 
Hence, the activation energies that characterize the 'thermal memory cell' depend on tha Ions 
used 

1: NR: not reported 
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Table 2.2: State of tha art oriTIs (paridd 1d9S>20Q2). 



Nr. 2096 P. 58/81 



Origin 




Princlpte 


6a<kJ/mol)orz{*0) 


Reference 








Extrinsic 


Isolated 


BacHiuQ sui}!Ws ct^mylase at 

uiir&rciiL conceriuaLiuns in ina 
HCa buffer pH fi.ewlth or 
wiihout tuBhaloss 


(Did6*6 = 0.14 - 6.16 mm) 

(r&$idv3l wthalpy riding) 


Van Loeye^af. (1995) 






Biacflfus amyioUquefaciens a- 
amyla€« (ZOOmg/ml) In tris 
HCIbu(torpH6.6 


(Dao'c= 112.9 min) 
{rsaKjual enthalpy roading} 


Van Loeyefa/.(1996} 






QscUlus siMSis chamylasB 
at contrallad moisture content 


9.7-0 
(Di2o*o = 14.9 mln) 
(neslduel emhalpy reading) 


VanLoeye^s/.(1995) 






BacSlus em^oliqmfBGims a- 
amylasB at contruNsd 
molstuc& content 


il.12^C* 
(Di2rc= 8.05 mln) 
(residual enthalpy raadtr^) 


l^aenQensof 
(1988) 






1 Bacillus ifchBjjffortmis a- 
amylase at controlled 
molslup& content / 

» . '/ 


1Q4-C 
19.67 mln) 
(reslduaf mthalpy reading) 
8.d8»C 
(Di2rc= 16,70 mln) 
(residual activity reading) 


Quiavaro'h ef a/. 
(2002) 




. dispersed 


Triose Phosphate Isomerase 
(TP!) in meat 


NR^ 


Yih-Chlh-Hsu-I 






MIeroblologleai 


E^irinsic 


Isolated 


Tafarvirtyces flavus at 
diffenent ccnoantrallond in 
polyaoiylamida gel in plastic 
sphere. 


9,3^C. ia.rCor'14.7°C 
(Psfrc between 1.64 min and 
7.22 mln) 


Rdnner 
(1896) 






Ba&ffu&alemathermophHtis In 
beads of algtnate+stancliH- 
niu3liroom Durse 


MR 


OciO 
(1997) 






Chemical 


Extrinsio 


isolated 


Phycoerythiin in borate buffer 
pH 9. Reading of toss of 


5.9dX 


Onta-Kamirez eta/. 
(1999) 






Nltrophenyl gluooslde 
hvdrolvslfl 


21.7-C 


Adams & Ijangley 
(1998) 



1 : NR : not reported- 
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Table 4.1: D and z values estimates and th^r associated standard error of regression under 
isothemial conditions observed with BLA. 





Heat inaoOvation kinetic pararneters 


Temperature ('C) 


D-Aralues (mtn) 


Z-value («C> 


114.9 


153.B4±B.e2 




120.9 


47.3912.46 


13.32dt0.76 


124.7 


26.97±1.18 




127 JZ 


18.T&1.43 





26.Juni 2002 16:12 



+32 16 32651S 



Table 4.2: D and z values esHitiates and fhair associatad standard error of ragrassion under 
isothermal conditions- oisseived with BSA. 





Heat inactlvatlon kinetic parameters. 


Temperature f'C) 


D-values (min) 


Z-value ("C) 


121.1 


54.054:1.85 




124,9 


32.37*1.02 


16.13±0.75 

.t 


128.1 


19.72±D.e7 





' Table 4.3: Overview of the Idnefic parameters and oorriaspondlna abaslute average % emir for 

BLA. 



DATA 


Regression's 
type 


Kinetic paranteterd 
Di2i.Tc(mln) 
Z("C) 


Aisoiuts average % error 


FrnflvrCsTn) 


(z=10-C) 


F,.T(anO'P*-T(z=10''C) 


ISO 


Linear 


45,77 min 
13.32±j0.76"C 


13,45 


13.47 


5.99 


Non 
Linear 


52.16+1.56nnln 
14.4et0.57°C 


10.94 


8.01 


6.79 


NON- 
ISO 


Non 
Unear 


52.08±0.87'C 
8.12di).67«C 


7.91 


7.99 


1.99 
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Table 4A: Influence of storage time on the process-values (F TTI) and their associated standard 
error derived from TTIs submitted simultaneously Id the same heating treatments. (BLA syslwn). 



P--,-gl;oraae 

■ III wjjw 

lune 


H^ing treafments 


^■f «5"va 1 u e 
(mln) 


z-^iue 


A: 60 tnin 


B: 40 min 
at13!1.1»C 


C: 15 nun 
at 124.0*0 


F TTi-Day 0* 


22.2±1.0 


4G.0±1.5* 


28.5±0.8 


78.74*3.42 


12.8KtO.34 


FnrDayl- 


21.2±0.9 


39.7±1.3 


24.8±1.S 


79>4±2.92 


13.S1±1.24 




21.0+1.0 


39.9+3.7 


23.9±1.0 


78.74iB.3B 


13.8S±1.66 


FTTi-DayS" 


20.6dk1.0 


38.5±0.1 




B1.96dt0.14 


1Z82JK}.68 


% decrease 
DayG/Day 0 


7.2±6.1 


t. 


e.7±0.B 







* average on 3 values issue itxm 3 TTIs, 



T^bfe Annex IL1: Weiter <le&orpCioii from ^ fraease^drl^ mix stored inside an oven a$ a 
function of time and temperature exposure. 





Inifel weight at Ihe 
output of the 
dessicator 


Stonage at 60*C;' (*0.01rng) water 
desorbed/lnltisl weight after 


Storage at 102*C, (*0,01 mg) water 
desorbed /inftfal weight after 


60 mln 


120 mint 


180 mln 


5 mln 


10 mln 


IS mln 


1 


0.23940 


-13 












2 


0.21941 


-12 


-12 










. 3 


0.22265 




-9 


-9 








4 


0.21811 








-e 






5 


0.23202 








-7 


-14 




6 


0.226^ 








-10 


-18 
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Table annex 0.2: W^fer a^orption on a freezfi^ndlried mix 6ter«<l at room temperature In 
function of time. 



Details about samples 


Initial weiglit 
at iha ciiiit>bt 
of the 

d&ssicator 


Storage at twm atoiaspher^ 
(% relative humidity =65%. T=22'C) 


water in % of 
initial mbc 
weight 


pan 


Empty 
pan 


mix 
(mg) 


Tolal 
TlmeO 


: (*O.Olnng) water 
' adsorbed after 15 
mln - 


(*0.01mg) water 
adsortsed after 90 


1 


0.17586 


0.06355 


0.23940 


+14 


+15 


+0.24% 


2 


0,17731 


0.04210 


0.21941 


+5 . 




+0J21% 


3 


0.17677 


0.04578 


0.22255 


+B 


+12 


+0.26% 


4 


0.17634 


0.04277 


0.21911 


+10 


+13 


+0.30% 


5 


o;i764l 


0.06361 


0.23202 


+11 ^ 


+12 




6 


0,17621 


0.05031 


0^22652 


4-8 


+8 


+0,16% 



Table annex III.1: Comparison of FTTl and Ft-T when the capsule is or is not coated with 
sUicovte and over-sealed, Ccalculaied with equaUon 8). 



"1. 

Run 


Coated with 
dllieond? 


Sealing 


FTTl (equation 
2) 


F expected=Ft-T 
(equation 2) 


Absolute % 
errpr* 






Normally sealed-1 


42.28 


13.54 


172% 






Normally sealecM2 


72.78 


15.64 


368% 


1 




Nmnaliy eealacMS 


46.71 


15.S4 


194% 




NO 


Normally sealed^ 


41.22 


16.54 


165% 




AVERAGE 


50.49 


15.54 


225% 






Over-sealed (2.70 mm) 


36.70 


14.85 


147% 






Strongly over-sealed (2,65 mm) 


26.33 


14.B5 


77% 






AVERAGE 


31.51 


14.85 


112% 


2 




Normally saaled-S 


14.19' 


14.85 


4.4% 






Normally sealecl-6 


16.36 


14.85 


10.2% 




YES 


Noimaily sealed^? 


14.55 


14.85 


2% 






AVERAGE 


15.03 


14.85 


&5% 
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TaWe annex IV.1 : Prooassfi^ oondltlisiis used to generate oonducAlon heating profiles with a finits 
difference heat transfer model. 



Produci pivperties 


Shape 


infinite Ciylirtdef 




O.0D1Sm to D.0615»i by O.OOSOm 


density 


1063 kg/m** 


heat capacity 


3517J/kg.K* 


thdimid dlffuslvlty a 




initial temperature 


20°C ^homogeneous) 


Prope^^ing condition^ 


surface heat transfer 


CO 


coefllclenl coefficient 




heating medluni 


1iatbl40*Cby2*C 


cooling medium 


20*C . 


''^^F«2i.i»c (oentBr) 


3 min i^nd 8min to 60 rtitrt by 4 mirt 



Table annex V.I : Perfbnnancses of the three mulfl-oDmponent TTIe In products 61 various fh- 
value. 



ih(ni[n) 


ZTtl(»C) 


„^ _ . Peiforifian€»5* 


Absav 


Stdabsav 


Maxn«j|C 


MaxposC 


Smallest absC 


io.ai 


13.5^16.5 


12.37 


11.18 •'. 


.7-87< 


Azm 


0.069 


8.5-13.5 


4.50 




-18.72 


6.168 


0.D09. 


8.5-13.13-16,5 


2.28 


2.13 


-10.108 


6.428 


0.006 


20.11 


13.5-16.5 


9.435 


8.19 


-7.62 


36.12 


0.001 


8.S-13.5 


3.14. 


, 2-51 . 


-.13.296 


8.0B8 


0.002 


«-5-1 3:5-1 6.5 


1.77 


1.50 


-7.74 


7J22 


0.006 


75.16 


13.5-16.6 


5.09 


' 4.94 


-6.70 


42.94 


0.053 


8.5-13.5 


zgi 


^ 1.97 


-8.82 


9.63 


0.003 


3,5-16.5 


2.61 


' 2.02 


-2.66 


8.69 


0.008 



*:ca!cidated with 240 wlues of % corret^ion C. 

Abs av: average of the absolute values of the 240 caflculated % correction C (In %), 
Sfd abs av: standard deviation assodated with Abs av (In %). 
Max neg C: highest negative % correction C observed. 
Max pos C: highest positive % cDnrecstion C observed- 



Smallest afos C: smallest absolute % correction C observed. 
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TaUe annex V^: Parformanoda of three single-component TTIs in products of various fh^^/alua. 



fh (min) 


Z TTI CO) 


PevformancM* * 


Absav 


Std abs av 


Max nag C 


Maxpoac 


SitiallBsf abs C 




a.5 


21.89 


14.81 ■ 


-33.81 


60.85 


0.198 


13.5 


30.22 


18.25 . 


-60.38 


77.32 


0.104 


16.6 


45.6$ 


29.54 ■ 


-65.74 


132.76 


0,298 


20.11 


B.5 


19.90 


1S-S3 


-26.99 


84.29 


O.OOO 


13.5 


28.21 


15.60 : 


-51.91 


65.43 


0JZ4g 


16.5 


37.56 


22.58 '. 


-67.48 


10Z89 


0.091 


75.16 


8.5 


24.15 


20.02 


-10.28 


81.26 


0.000 


13.5 


22.89 


1S.78 


-57.78 


20.54 


0.166 


16.5 


32.26 


20,73 


-73.67 


26.11 


0.229 



*:calculaled with 240 values of % correction C. 

Abs av: average of the absolute values of the 240 calculated % cornBCtion C (in %). 
Sid abs av: standard devf^lion ^s^oci^ted with Abs (Jn %). 
Max neg C: highest negative % conredion C observed. 
Max pos C: highest positive % cpmectipn C ob^^ed. 
Smallest abs C: smallest absdlute % conracfion C observed. ^ 



■V 
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CLAIMS 




1. A time temperature integrator ccwtiprising an enzyme, said integrator allowing the 
evaluation of the iinpact of a thermal process based on the determination of tiie 
nesldual enzyme activity following the exposure of said integrator to temperatures 
above 80*^0, characterised in that the time temperature integrator comprises a 
closed container enclosing at least one dehydrated enzyme, an inert carrier and a 
combination of stabilising substances. 

2. A time temperature Integrator according to claim 1 characterised in that the moist 
content of the materials enclosed In the container Is below 0.2%, 

3. A time temperature integrator according to claim 1 characterised in that the moist 
content of the substances enclosed in the container is below 0.02%. 

4. A time temperature Integrator according to claims 1 to 3 characterised in that the 
sealing of the container Is designed to limit the entrance of water In order to prevent 
that ttie moist content of the materials enclosed in the container .raises above 0^% 
before or after the exposure of the time temperature Infcegnator to heat 

5. A time temperature integrator accorting to dafm 3 characterised in that the sealing 
of the container Is designed to limit the entrance, of water iri order to prevent that the 
moist content of the materials enclosed In the cbntainsr raises above 0.02% befc^ 
or after the exposure of the time temperature integrator to Heat. 

6. A time temperature Integrator according to any of the claims 1 to 5 wherein the 
integrator comprises the enzyme Bacillus llcheniformis a-amylase. 

7. A time temperature integrator according any of the claims 1 to S wherein the 
integrator comprises the enzyme Bacillus subtil is a-amj^ase. 

8. A time temperature integrator according any of the claims 1 to 7 wherein the inert 
carrier is glass, riietai or silica. 

9. A time temperature integrator according any of the claims 1 to 8 whersin the 
combination of stabilising substance comprises a piH-buflierlng substance, a salt and 



10. A time temperature integnator according any of the claims 1 to 8 wherein the 
stabilising substance comprises TRIS, sodium chloride, calcium chloride, potassium 
chloride and sucrose. 

1 1 . Use of a time temperature integrator according to any of the claims 1 to 8 to evaluate 
the impact of a thermal process characterised in that temperatures used in the 
thermal process range between 80 and 18Q**C. 



a sugar. 
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ABSTRACT 

A tfme tBmperatum Integrator comprising an enzyme, eald Integrator allowtns the 
evaluation of the Impact of a thermal process based bn the determination of the residual 
enzyme aotivity following the exposure of said Integrator to temperatures above 80*C. 
Gharacterlsed In that the Qme tempetHture Integrator comprises a closed container 
enclosing at least one dehycfrated enzyme, an Inert carrier and a comtrination of 
stabilising substances. 



'A 
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LIST OF FIGURES 



IntrinslDfood properties 
Examples: 

-pH 

-aw 
-microflora 



inifial quality of 
food 



PRESERVATFON REACTOR 



Exfrlnsio processing factors 
fixampidd : 
-temperature 
' -high pressure 
irradiation 
Hpaclcaglng material 
-reaidencB time . 
-residence time dtstribution 



Final quality : 

«4h{idden quality 
(safety, nutrition, spoilage) 
-purchase quality 
{appearan£;e, flrmitese. 

aroma) ' 
-consumption quality 
(flavour, mouthfeel) 



o 



Figure 1 .1: Thd pnsaervatton reactor. Bcannple of Intrlnalp piopafies and extrinsic factois that can 
Influence tha quality af tha produti ane given (Van Loay 9f a/., 1996). 
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Working prindpl^ 



Response 



Origin 



Application 



Biological 




Chemical 




Physical 


1 










1 







Single 



iOluIti 



infrinsiG 

ZZT" 



Extrinsic 



Peimeable 



Voiume average 



Single point 



Figure 2,.t Q^n^r^il ctee^iflcatlon of TTIs. 
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Enzyme in its original environment shows klnefto 
parameters or ka and z» or Ea^ 



Study of a new avall^e 
enzyme or use of prolan 
engineering (moieculer 
biology} In order to change 
the thermostability. 



Use of Hie same enzyme but m an other 
environment ("solvent en^neering") : 

-changing ion concentration 
-changinjg pH . . 
-Changing moisture content 
-changing additives 
-immobUis^on 



^ .y . , 

im^ymte system with n&w 
kinetic parametm Db or kb or 
ZborEab 



Interesting kinetic 
ps^rameters 



l^on inteiesting jdnetic 
pdfameters 



Fig 2.2: Posdibte approaches to change the fdnatic t>aramatans» Ibr themial inadtvatlon of an 
ero^mk: system. 



Stopper 



Silicone 
sphere 





Time/temperature 
recording 








Thermocoupie 






TTI 





Figure 3.1: SyGtem usad to validate BLA01 under non-isothermal conditions. 
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-1J2-I i r ■ , : 1 

O 50 100 15Q 200 

time (min) . 



Figure 4.1 : First order Isolhermal Inactivafion observed vvith a mix based on BLA 




Figure 4.2; First order isothermal inacfivatiDn obseived wifh a niix based on BSA 
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110 115 120 125 130 



Temparatura fC) 

Figure 4.3: Tharmal ddnsKivlty of thd inadivation ratas observed with^TTI made with a mix based 
on BLA. or with mix based on BSA. 
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4d 




0 20 40 60 80 0 20 40 60 80 



Ff-T(niln)wItba?^0"G Pt-T(mln}wHh z«1ll*C 

Figure 4.4: observed cornelat{on& when using TTI kinetic parameters deduced from a double 
ilneariegression method on the isothermal inacfivation data (aquation 3.2 and 3.3). 
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FI-T<mln)wIth!C»10*C F t-T (mln) wCili z*10-C 



• -I 

Figure 4.5: Observed correlations when using TTI kinetic parameters deduced from a single step 
method (non-linear regression : equation 3,4) on the Isothermal Inactivation data. 
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6d 




F^T(mtn)withza'lt^C Ft-TtminJwHha-IO-C 



Ffguro 4.6: Observed correlations when using TTI kinetic parameters deduced from a singld stsp 
method {non-linear regression : equation 4.1 ) on the non-lsofliermal inadh/ation data. 
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Borpllon iBOfherma 



19.90D 
14.900 
9.900 

-O.100 



■ Mix vMh non- 
dialyaed BLA 
solution 

Mix^h 
dialaysad BLA 
solution 

— Glaes beade 
alona 



0.2 0.4 Oii Q.B 



FIgura atin« 11.1: Comparison of aorpllon teotherms on threa dtfiiardnt matrloda. 




Figure annex llJt: sorption Isoiherm of a mix prepared according to the TTI praparaOon 
proQ^cSgre with a sam^e of BLA dolufion. 



68 



26.Juni 2D02 16:15 -^32 1 6 326515 



Nr. 2096 P. 76/81 



1 

f 



ProMSS valudS calculated with teoth^mndl and noh-isothermai dala 
derived from a imbc equilibrated at 48% ERH 



i 



50 




45 




40 




35 




30 




25 




20 




15 




10 




5 




0 






0 



% error iSO=2Q.3<t% 



% error NlSCh^l .15% 



y = 0,014651? + 0.7762X + 0^535 
= 0.S03 




y = 0.014x2 + 0.71 06x + 0.6592 
r2 = 0.9017 



10 



— I 1 — 

15 20 
Ft-T (min) 



• ISO 

(DrBM8.98min and 
2reM-7rC) 

NONISO 

(Dreffa31.24mtn and 
zrafs 9.79'C) 



25 



30 



35 



Figure annex 11-3: Validation under non^-E^otiiennal condlfions of a 
preiwad wKh BLA and equilibrated at 48% EIWI. 



TTI based on a mix 



c 

1 
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Figure annex.11.4: Validation under nDn-iaoiheimal conditions of a TTI based on a mix prepared 
with BIA and equilibrated at 48% ERH. Use of Averaged process values. 



69 



26.Juni 2002 16:16 



+32 16 326515 



Nr. 2096 P. 76/81 



f 




Small net containing 
TTIs 



StEdnless steel rod 



Wire 



Teflon ring 



FRAHIE WITH NET CONTAINING TTIS 




Water in a can equipped with th9 

frame 



small net 
containing TTIs 



thermocouple 



CAN WITH i=RAME AND NET CONTAINING TTIS 



Therma] process 



Figufft smt^ III.1: ddscription of a can equipped wHh a gpedai frame aliowbig tha fixation of ^ 
net conteinlng TTte at the tip of a thermocouple in th© cwter of the oen. 
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Figure annex IV.1: % correcHon.C to apply to the response of a TTI wtth a 2=13.5''C used in a 
product with a fh=4.379 min. ht te Ihs hoKding tme in houns^nd T the holding temperature in ""C. 
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Figure annex V.1s % corrBCtion C to apply to the F{mulljTTI) deduoe«^ from Vie two oomponent 
TTl with z=l3.6"C end x=15t6"C In a product with fh=10.814 min. 



73 



26.Juni 2002 16:16 +32 16 326615 



Nr. 2096 P- BO/81 



I 



Two componeiA TTE 2-13.5^ ami z-IO-S'C 
flt»2a.109 ndn 




Ftamet 
<niin> 



ngura annex V^: % cori^cUon C to apply to the F(mu!tifn) deduced from the two component 
TTI With z=13,6X and z-IS-^'C In a produqt with ih=20.1Q9 min. 
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Figuro annax V.3: % obrrecHon C to apply to%© FfmuIKtri) deduced from ttia two componani 
TTI with zsia.B'C and r=1 e.S'C In a product with fri=75.1 61 min. 
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Figure annex VI.1: Rrst order Isotherrnal InaoHvatkm observed with a mbt based on e purified 
cucumber PME. 



75 



This Page is Inserted by IFW Indexing and Scanning 
Operations and is not part of the Official Record 



Defective images within this document are accurate representations of the original 
documents submitted by the applicant. 



Defects in the images include but are not limited to the items checked: 

□ BLACK BORDERS 

□ IMAGE CUT OFF AT TOP, BOTTOM OR SffiES 

□ FADED TEXT OR DRAWING 

□ BLURRED OR ILLEGIBLE TEXT OR DRAWING 

□ SKEWED/SLANTED IMAGES 

□ COLOR OR BLACK AND WHITE PHOTOGRAPHS 

□ GRAY SCALE DOCUMENTS 

^"^TjD^ES or MARKS ON ORIGINAL DOCUMENT 



XLl REFERENCE(S) OR EXHIBIT(S) SUBMITTED ARE POOR QUALITY 
□ OTHER: 

IMAGES ARE BEST AVAILABLE COPY. 
As rescanning these documents will not correct the image 
problems checked, please do not report these problems to 
the IFW Image Problem Mailbox. 



BEST AVAILABLE IMAGES 




